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Dr. Elizabeth A. Yetley, Director
Office for Special Nutritional, HFS-450
Center for Food Safety and Applied Nutrition
Food and Drug Administration
200 C Street N.W.
WasbingtoL D.C. 20204

Dear Dr. Yetley

Notice is hereby given pursuant to the requirements of Section 403(r)(6)(21 U.S.C. 343
(r)(6)) of the Federal FOOLDrug and Cosmetic Act of statements of nutritional support
which have been made on the label and in the labeling in connection with the marketing of
the dietary supplement DHEA (dehydroepiandmsterone), 50 mg tablet. DHEA 50 mg tablet
was fimt marketed with these statements of nutritional support on November 1, 1996. The
statements of nutritional support areas follows:

Label:

DIRECTIONS: Take one tablet daily or as directed by your health care prof~sional.

DHEA is produced by the adrenal glands and is therefore found naturally in the body. It
plays an important role in many physiological fimotions*.

h

W~GS*: g Not for children under 18 years of age.

● Do not use if pregnant or nursing.

● Do not use if you have prostate problems.

*THESE STATEMENTS HAVE NOT BEEN EVALUATED BY THE FOOD AND
DRUG ADMINIS’I’MTION. THIS PRODUCT IS NOT INTENDED TO DIAGNOSE,
TREAT, CURE, OR PREVENT ANY DISEASE.

.. ,=.-
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‘“ A Label copy is attached.
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Dr. Elizabeth A. Yetky,”Director
Office of Special Nutitionals
Page 2, November 18,1996
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Introducing,
DHEA with Quality

You Can Trust

We don’t Take Quality for Granted
We Put Our Quality to the Test

OurDHEA Products Have Been Rigorously:
Tested For Potency, Purity snd Dissolution

Purity

●we stringently test our DHEA raw materials for purity using one of the most accurate
.

analytical methods available, High Performance Liquid Chromatography (HPLC). Atypical HPLC
tracing is shown in Figure 1.

Potency

●we tat our I)HEA tablets for potency using precise HPLC methods before the products go to
market.

Dissolution

●we test our I)HEA tablets for dissolution to determine whether they will break down properly
in the body. Our methodology is based on the Dissolution Procedure of the United States
Phahacopoeia 23 and National Formulaiy 18.

.

DHEA 25 mg and DHEA 50 mg are available in bottles of 60 tablets.

A Labeling copy is attached.

verytruly yours,
XetaP@ Inc.
A subsidky of
Xechem, International Inc.

_=xbf ,
Ramesh Chandra Pandey, Ph.D.
President and CEO
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Figure 1. A Typical High Performance Liquid Chrornatogram of DHEA
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We don’t Take Quality for Granted

WePut Our Quality to the Tes@

Our DHEA Products Have Been Rigorously
Tested For Potency, Purity and Dissolution

Purity

● We stringently test our DHEA raw materia@ for purity using

one of the most accurate analytical methods available, High

Performance Liquid Chromatography (HPLC). A typical HPLC

tracing is shown in Flgz.me 1.

Potency

* We test our DHEA tablets for potency using precise HPLC

methods before the products go to market.
e

Dissolution

. We test our DHEA tablets for dissolution to determine whether

they will break down properly in the body. Our methodology is

based on the Dissolution Procedure of the Uni.teci Staks
pharm.aco~ia 23 and National Formukzry 18.

DHEA 25 mg and DHEA 50 mg are available in
bottles of 60 tablets.

To place an order call customer service at:

1-800-858-5854

<ETAPIWWWiIm
Natural Preventive FIedheare
100 Jersey Avenue
Building B, Ste. 310
New Brunswick, NJ 08901-3279
Tel: (908) 249-0133
Fax (908) 247-4090
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1. Yen, et al. Replacement of D-A in Aging Men and Women. Ann.
NY Acad. Sci., 774, 128-142, 1995.



Replacement of DHEA in Aging Men
and Women

Potential Remedial Effects?

S. S. c.”.YEN, A. J. MORALES, AND (). ICI IORRAM

[kpamrwttofRcpmlMY[wIMedicine
Unirersiry of Cali@mia, .Yan Die~o

Lo Jolla, Cttl@nia 92093

Aging in mcn is msoci:l[cd with rccluccd pruwin synthcsi~ dccrcnsed Icirnbody mass
and bone mass, and incrcascd body fiit,l These body composition changes arc
accompanied I-Iya progressive dcclinc in adrcn:d .sccrction of dehydrocpiandros-
tcronc (DHEA) and its sulfate ester (Dt-iEAS),2 paralleling those of the growth
hormrrnc (GH)-insulin-like growth fiictor-1 (GH-lCiF-1) systcm and immune func-
tiun.t-’ Although the GH-IGF.1 sys[cm is rccugrtizcd to prurnntc cclhzlnr growth and
mctabrzlism al mul[iplc sitcslA and tomodulittc the immune systcrn in health and
discasc,;$> the biologic function of f.)HEA and DHEAS in humans remains chzsivc.
Extensive animal cxpcrimcnts htivc shown that DHEA mtiy have immunocnhanc-
ing~ll and ~rolcclivc ~ITcCIS~Kdinst viral infcclilm.1~glucncorticoid-induced thymic
invoiution,lj auk-xu-rtihodyfurmation,14 iind agc.rclutcd r.fcficits such as obesity,
ciirdbvmwukrrdiscnsc,id brcilstcimccr.lJ-lYThtLs,DHEA may bCvkwcd ttsa muhifunc-
tional stcmid horrnunc. The, rclcwwrcwuf these finttinkxin human biolr)~ and discttscs is
pcrpkxing. hwauw humans anti nonhnm:m primotcs wc Ihc nnlyspcwimwifh the cnpucity
to synhcsizc m-d sccrclc D1IEA iind DHEI\S in ~lumltiticssurpnwing nll other known
s[croids.~’ In lightof thcw junsidcrit~km~ aswwsmcnis of [he pntcnthtl NSIC of IX-IEA in
humnn health imd dkww ilr~ of Ml) biologic irnd clini~id impurttmco.

fJn[il rccen[ly. [imi[d ~lini~id studies were conducted wi[h mcga &scsof DHEA,
which may induct responses bqond its physiologic net inn or may, through rtipid
biotrunsfrrrmation w pmcnl ;mdrogcns and estrogens. hiwc biulogic impact on target
[issues. including nrtihlic effects. In time course stmfics Mortokr and Ycn,21using ZI
1.600-mg d:~ilyornl C!OSCof DHFA in postnwnop:lus:d women (ngcd 46+1 years) [or
4 WAS, dcmonstrotcd milrkcd incrcmcrt[s nf Pu!crsl tindrogcns and c,,trogcns within
1-2 hours. These incrcmcnls rc:whcd %ft}ld for !csmstcrortc (T), 2f)-fold for andro-
stcnc(iinnc (A) iinll dil}ydr(~lcsit}slcrt)l~c(DI IT). iln(l 2-fold for csmmc (El) tmtt
cstradiol (E2) by Ihc .lrd htmr :tlkr f)HEA itdministriltion, imd Icvcls were sustained
during the cn[irc dur:ttion or tbc study. This hypcrimdrogwtic state impnscd by n
pb:~rmacnlogic LIow 01’DHEA wi]~ ;uiso~iiiid with :1 significant dcclinc in scx

lltlrnl~ltlc-l>i[ltlillg gltllmlin (S1 I 11(;). Illyr(]ill.l>ittclitlg glttkulin. [C!lill chuktcrol and
high density lipt!l)rt~tcin cholcstcr{~l, ilnd IIWilpp~:iritnt.c [)1insulin rcsis[nncc,~l

CELLULAR *1ECIIANISMS OF DIIEA DECLINE DURING MHNG

Liu L*Ia/.:: reported lhut the prngrcssivc dcclitw in D}IEA nntf DHEAS during
:ying rchxtul intril;drcn:il ~hiit)gts in 17(t-hydr(}xylits~~rx~ynlittictrctivitics, in thttt

“This wnrk wwswplxmctt by N:ilitntill Insthulcs nf 1ldIh R().1 AG-lt)979n\. N:ltiorrd
Ins!ilutes of 1Ic:!lth Mimwi!y (’liniwl A~~~iitl~ Physicion/\w:ltd (A. M.) and Gcncrd Clinictd
Rcwwrch Ccn!er USN 1Agmnt M(). I Rr4H)X27,orlhn Arncricwr Cullege ofohstciricinrl and
(iync’cdogh Awtrd I( ).K. ). :Iml in par! by IIw CWytun Fnund:tliun fnr Rcscurch.

1~~
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n relative dcficicnt!y in 17,20 tfcsmohtsc occurs in aging wnmcn, a finding that was
rcccntly cottfirmctl in aging men. 23AS 17a.hydroxyl&~c and t7,zf).dCst’t’tokC WC P450

Ca 17 enzyme cncodcd by n single gene, 24 the sclcctti dccrcasc in 17,20-dcmdasc

with tmidtcrcd 17ct.hydrmtyhtsc ttctivity ohsc rvctf in older individutds suggests a
functimud hiltwith oging uppoxhc Ihnl xccn during zrdrmrrchc/puhcrty whcrt the .
select ivc incrcasc in I7.W4tcsmuhisc ml ivity leads m zr fwcfcrunli:d incrwwc in
D1-tEA nnd DHEA!! Icvcls. The mcchtmism(s) for this swi~clwunund Switch+ff of
17.20dcsmolasc acthity during the anabnlic stntc of puberty ml lhc cntaholic state
of aging remains unctcar. I%c progressive blunting of the ACT}l-mediated pulsatilc
mtivity nf DHEA with advztncing agc (Fro. I). withrt tdbcting the pulsatilc rhythm
uf cnrtkol, is highfy consis!cnl with a sclcctivc intrttxfrcmrl biusyrtthc!ic tlcfcct for
f)l IEA.

Sa ,
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tIW;UtW1. Rqwcserrtntfvc24.l~mrpulwtik pmlem of mlrwud f)l lliA shuwkrga pmgressiws
decline with udvnncirrgi4JJwin pre- rmdprwamerwpuusrdwmncn.

REPIACEMkXW (W I)l!EA IN AGING MEN AND \WMEN

Wc wstcd the supposition thm restoring cxtrttccllular Icvcls uf DIIEA WI
DI IEAS m imfivkhrids uf ndvimt!ingagc to IL!!*Isin yutmg adults may h:wc hcncfkkd
CKCCIS.Bccmssc the CiH-1GF-1 syxtcm nnd immune furmiun tkdinc with nging in
pariillcl to DHEA, wc hyputhcsiml thttt these concomilnnt chnn& may kc function-
;Illy Iinkctl. Sludic$ of rcpktccntcrtl slums nf S()ml I(M)mg of f)] II% tsdministcrcck
tw:dly III hctftimc were conducted in men nnd wurtwn Z@ 411-70years in ckntMc.
Mind, placchtwxm[rdkd crux+uvcr trink uf 6- ttmf IAnurtlh durnlionx In fi
scpirrrrlc study, WCtictcrmincd the cif~wtsof itl I*W ndminislrntinll of 51)nlg D~1-
nn irnmunc function in nging men.

Sthdies with a 5f)-Mg the oJDIIM

Ortd vcssm Std)litt~WtalRottte t~fltlrttiftislnttitttt

The time course ttntf cirtuluting Icvcl$ of DWA und DI IEAS nfkr ornl versus
sublingual rmztcs of mlministrntiorl nf SO mg Dl IEA in gclntin capsules were

)
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FIGURE2. Ahsorplionmm!rckrlive irwrcmentsof scrurnIwelsnf 1>]iE& f)l[EAs, ~nd~~cnc.
dionc (,\). tcslos[er{mc(T). mrd dillydr(ltcsl{~s[cr~~nc(D1 11) following oral versussublingual
udminis[ratitm of ;! W-rng dose of D1 llZA in itgirrg men :md women (Mumlcs and Yen,
unpuhlishwl(Ihscmt}ti(ms).

dctcrrninrxl in cigh( mwr :md cigh[ worncn. As shown in t%llkl{ 2, with the cxccption
Ofserum DHEA Icvck. the incrcr-mm!sover time nf circul:llitlgDHEA$ A, T, and DHT
\vcre rapid m-d wcru similar twwccn or:d mld swtrlinguairrmtcs d’ idministmtion. DH~
Icvuls,in c(mlr:wl. sh{wL,d ;I rapid (wilhin 30 minulcs) ;Iml mnrtwtt clmmlion Iilstingfor 2
INWSnhcr sul>lingu:llIh;tn ;Iftur oml ;Iclnlillistr;llit>tl.‘llwrcaf[cr. all swroid tcvcts, inctud-
ing Ihmc \Jf I)t IEA. wcrwsimil;lr with o sliglu ddinc krw:wclsIIW cnd ofthc cxpcrimcnt at

,
the tfth hour. Thu.. W’ chow the oral route of ndministmdon for subsequent studiis
hccuusc of itscase and rclinhilitynf administration in the irgingpnpulabr.

A mndomizcd phscchn-controlled cross-over trisrlof nightty oral DHEA adminis-
tmtiort (S0 mg) of fwmonths”durtrtion was cortductcd in 13rncn and 17women 40-70
ycms nf il~C.2’During cat+ Ircirlmcnt pcrind, corrccntralions of unttrogcrm Iipidx
itpnlipoprotcins. lGF-1, tGF-trinding protein-l (IGFBP-1 ). and IWBP.3, insulin
scnsitivky, Pcrccntngc of body fnt, tihido, mtd sense nf well-hcing were mc:tsurcd. A
subgroup of mcn (II = 8) nmf women (n = 5) unrJcnvcnt 24-hour sumplirsg at
20-minute intervals for gruwth hormrmc dctcrminatkrrts.

DHEA and DHEAS .wrum Icvctswere restored to those found in young aduttswa
within 2 wcctr..of DHEA rcpkaccnrcntand were sustttincd thmughotst the 3 months Ofthe
study. A twofold incrmtscin scmm kvcls of wtdrogcm (~ T. and DHT) was ohscrvcd in
wnmcn. with only a srrndl rise in A in men. These wrdrogcrrincrements in wrrmcnrcmttin
within the mngc of young aduk. There wm no chtmgcincirculating fcvclsof SHBG, EI, or
E: in either gcrtdcr. High ctcnsitytipnprotcin Icvctsdcctirrcd slightly in womcm with no
other lipid changes rrutcd fnr either gender. lnsufirtscrrsitivky,r.fctcrrrtincxthy cugfyccmic
hypcckslincmic clamp studisx and pcrccntiigc uf hsdy firt were untrttcrcd. Atthough
mcim N-hour growth hnmmrc ml tGFBP-3 hwclswere unchm’rbwd.serum IGF-1 Icvcls
incrcawd signifiintfy mrd KiFflP-t dccrciusd signifnantly, resulting in an cfcvsncd
K;F-t/tGFBP.l ratio for hxh genders (FIG. 3). suggm.tirtgan ittwcwscdhirmvailahitiiyof
tGF-1 IU target tissues.~ This wm mwciatrxf with a rcrnnrfcablcincrease in pcrceivcd
phy+cul and psyhokqjcd wctt-hcmg for Iwlh mcn (f67’%1)and womcrr (W%) and no
chwrgc in Iibikfo(FIG.4). Tltcsc ohscrwtinns wrrfthe ahscrw orsidc ctfectsctmstitutc the
firsI dcmonstrritimsnf nuvct cfrccLsuf the rcpkcmctrt AN of Dt tEA in agc-advanced
mcn :md women.zs
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pl:wclro(Mumks and Ycn~l).
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OneYem Study oja 100-Mg Dose of DHEA

A randomizd double.blimf pl;lccb~]-c{~i][rt}llcdcxpcrimcn! of I-year’s duration
was c[mduclcd wilh it 1(N)-mgoral dose of Dl{E/\ or plwxho. This study was aimed
Spccilic:llly Ill ilSSCSSIhc cllccls {Jf doulding Ihc chlsc illld cxpandirrg thC durirtion Of
1)1lf?A :Itln}il}islr;lli{lt] [m hifdf).~if.twtl.pt)iw.v in xging nwn (}I= S) and wwncn
(I1= S) 5[)-65 yc;lrs \It’ ogc.

ltwrmrcnts of Circtdufiftg Steroids

lkml ctmccnir:ltions of ;III iindiwg~nk stcruids were either below or near the
Iowcr cnd ot’ Ihc normal mngc for young :IdulIs. Serum DIIEA.S IC!VCISincrcascd
scvcru[.fojd in IWIIInl~[l :;fld iv{jmcn ;II IIW cnd of ~ m~n[hs of DHEA, but not
placebo. udministrution (FK. S). These V:IIUCSwere ncnr rsr beyond the upper limit
of young adul[ levels.~&~HBit~[r:insf[~rm:iti(~nof D}i FA in mcn was Iimitcd to ir

SENSE OF WELL-BEING
Iw

MEN WOMEN 1

DHEA Placebo OHEA P18ceba

LIBIDO
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2°

0
CSHEA Placebo DHEA Placabo

doubling of A ICVCIS. By contrust. ihtrc was n three- IU fuurfold incrcasc in al]
;mdrogcnic s[cruids (A. T. and D1-fT)in women. iid the ICVCISrcilchcd were above
the upper limits nf normul for adult wonwn. Although Sfi13G Icwclswere urmltcrcd
in men. it so’%LICdillC \VilS seen in womcll. This gender disparity may bc ilCCOUrt[Cd
fnr by Ihc rcl:uivcly gre;l[cr incrcmcnw of andrt)$cn Icvcls in womcrr, [hereby
exerting an inhibitory ct~ccIon h~pitti~ production ot SHBG. Onc wumim dcvclopcd
filc%l hair Ihtit rcsntvcd hy Ihc crrd of [hc study. Gonwfotropin Icvcls in bo!h genders
were un:itTcctcd try DHEA Ircil[mcrtt.

As seen in Ihc SO-mg d{wc s[udy, il signiticnn[ (p < 0.05) incrcnsc in .scrum IGF-I
Icvcls occurrwf in Noth mcn :md women :Iftcr 6 momhs of DHEA trmitmcnt at a
t()()-rug daily dose ( I:I(;, h). Thu ~cliltiv~incrcmcnl in IGF-I was grc:mx in subjects

YEN d 81.: DIIEA IN ACING
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FIGURE 5. Cfrcula!ing DI II?A$ levels (mean * SE) at fmscline and in reqwnae to pl
and 01 IEA (100 rngkt) whuinistrirlion(6 nwn!hs each) in irging men (n = N) and w
(It - X), (Inset) Clr:mgcsin imlivkhud vidues.

with Inw DH17AS Icvcls i~lbaseline. Lean budy mtrm,dctcmlincd by DE)(A, sh
il[l irtcrcasc in h)th gcmlcrs, hU signillcancc (p c 0.03) was irchicvrxl only when
genders were irnsdyzcd tqxthcr (FIG. 7). Knee cx[crwion/llcxit}n muscle stre
(McdX isometric testing) wns incrcasctl in rncn (p <0.01 ), hst nnt in women
whom a strong plilc~bo dkt was evident (FIG. X). I.umhiir muscle strength

MEN

.-i
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n

XlA%AI, I’lXXWO DHEA BASAL PLACFW D1lEA

FIGURE 6. Serum KW-t Icvcls(mc:m* SE) at hosclinc( IIWWO)und the percentagech
rcspnnsem placeboand Dt IEA (t or)mg/rf) sdminisimtirsrrfor 6 nnmttssin agingmen (
ml women (~1= to. (Insrt) M~iln a SE increments(dcha). “p <0.05.
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1FK; UltE 7. Leiin body mnss (l-lI&f) meusured hy IIEXA M hmelirrc (I(X)%. ) wtd W perctmt-
dgc chimge in respmrst IU pluceho und DI+EA ( I(MI mg/d) irdmktiwrulioms in irgirrg men (?I E f!)
id women (tt = X). (inset) Imxmenls (dclt:i). “p < 0.05. !
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unaltered, No [imc Cotrrsc-rclalcd changes were noted in muscle strength rJetermhta-
(iorts. F~f body m;uw (by Df3XA) was significantly dccrcttscd in mcn (p < 0.05) but
not in women (FIG 9), II finding consistent with that reported by Nestler ●t al.-wIn
both genders, no change wttx noted in lipid profile and qmlipoprnteim& insulin or
glucnsc ICVCIS.nitrogctr bnhmcc. !xJsttl mctidwlic raw. bone mirwrnl density, or
urinnr’y pyridilinc Imwls.

In summary. in Ibis cxtcndcd study ( I ycnr), w Imvc cwdirnd the ithility of
DHEA to induce an incrcilW* in IGF-I. Furthcrrnorc, hiolngic cmf-points of incrciiscs
in Ican body mass and muscle sfrcngth of the knee were nbxcrvctf. A strong placcbu
CITCCIwas noted in women with rcgnrd IO muscle strcngtb mcasurcmcnts. A daily
dose of 100mg for 6 months iipptiirs to M cxcessivc with respect to the incrcmcnt of
wrdrogcns in women and may induce undcsirtihlc andrngcnic cfrcc!s with titnc. Thus,
;Ipotent ittl gender difrcrcncc in hint riirrsformafion of DHEA i]nd hiolngic responses ~
rc”quircsfur;hcr study.
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FIGURE9. Fm hrxfy mum (FIW) meastrrctf try DEXA ar fmsclirre ( IINW ) id the perccrrtiige
ch:mgc in rcspmr.sc W pfidxt mrd 1>1IEA ( 100mg/d) for 6 months in aging men (n = H) wttf
ilgillgwomen (/f - X). (Inset) Iucrcrmmts(delt;l).

IMIIM A[!mini.strafimrand Immune Function

SW@rid Iincs of cvidcrwc dcriwxl primarily from unim:tl studies h;wc suggcslwf a
role for DHEA in m(xlul:lting immurw function. N-I* Ill mi~~, 1)! IEA idmblktnkw

dcnwnstrirtctl ii protrxvivc clhxf itgiiirt~l vir:d irwfucrxl m(wmlity,’~ and hlnckcd the
gltlc(w(>r!ict}itl-nlutli:lf cd Ihyrnocytc dcslruclion in vivu and ix vi/rf).IJ [n ;1 murirr~
model d hIpus o’yIhcnMItIsIIs, oritl :ttllliitlistr:ltit~llof 1)1II!A prevcnwd Ihc formx-
tion of itrt[ihxlks It) tll~l]l>lc-s!r:il]llctlDNA w)d probmgwl swviwd.lt hI ritrw sludius
with bolh murincM :md hutn:tn “~Ccllsv h;wc shown that 1)1IEA cxcfts a stimuliltoty
clf’cct on IL-2 sccrction, inbibifs NK CCIIdifrcrcntiwion, II ~ntl prcvcn~s th~ ~g~.

rckrtcd incrcasc in I !.-6 produ~nion in murinc Iyrnphocytcs.’’’.’l A study of [hc
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therapeutic potential of DHEA (200 mg) in human systemic lupus crythcmatosus
reported an improvement ht symptoms, a reduction kt cortictxteroid requirementS3z
and restoration of impaired IL-2 production by T cells in vifro.jj

To date, the only study examining the in viw effect of a replacement dose of
DHEA on human immune function is by Casaon et al.~ who reported that in
postmenopausal women DHEA treatment with a 50-mg daily oral dose for 3 weeks
increased NK cell cytotoxicity and decreased the number of CD4 (T helper) cells, but
did not influence in vim IL-6 production. The in vivo cffeets of DHEA treatment on
the immune function of cldcrfy men have not been reported.

DHE4 Administration on Immune Function in Men

A single-blind placebo-controlled trial of 5 months’ duration was conducted in
nine healthy elderly men who were nonsmokers on no medications, with a mean age
of 63.7 years (range 53-69) and mean body mass index of 26.7 kg/m2 (range 22-30).
Subjects took nightly placebo orally for the first 2 weeks followed by oral DHEA (50
rng) for 20 weeks. Fasting W-XXIsamples (at tfAM) were obtained at monthly intervals

I IGF-I

IIOFBP-1

I
$6 FIGURE 10. Serum levels (mean k SE) of IGF-1,
a tGFBP-1, and lGF-1/lGFBP-1 ratio in response to pla-

cebo and DHEA (50 mg/d) in nine aging men during
ussessmerrts of immune function. ‘-p < 0.01.
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TABLE I. Effect of DHEA on Lymphocyte Subsets as Determined by Ffow
Cytometry”

Wceka of Treatment

CcltMarker P 2 6 10 14 In 20

CX320(8 cells) 9.S z 2.1 1.S.Sx 2.7” Y.s * 1.Y 14.1 z 3“ 11.4 z 28 11.4 * 2.7 13.9 z 4.0
CD14

(m)m~) 11.6: w 2t.2=3.s””14.0 :2.5 14.2 t 2. I 14.7 :2.6 16.222.9 17.9 z 2.9*o
C03 fr Celli) 6x.4 * 2.n 66.7 t 4.3 61.7 z 3,s 65.4 z 3.1 69.K * 2.7 6sL7s 3.7
CD4

69.1 * 4.0

fT helper) 44.2 * 24 WA 2 .s.7 39.822.9 4(k5 :21 44.6 z 2A 43.9 :3.6 413 :4.1
CDtt (T

~ppr=r) 32.7* 3.7 W) * 3.0 31.2%3.1 35.4* 3.1 32sis 2.936.2:1.9 323:3*
TCR sr/13 59.2 e 2.5 55.9* 2.9 42.6 z S.8 57.0 * 3.2 51.9 z 3.1 61.7= 3.9
TCR vlb

62.0 x 5X
5.-I * 1.1 6.220.97 6.2 z 1.2 7.4 * I.1 7.711.2 !0.92 1.2 10.5 z 1.1” ~

CDZ5 )
(IL.2
rceepwr) 9.4 * L’ &7 = [.7 4.8 z 0.S3” 10.6 :2.3 11.7 * 2.7 1S.1 t 1.5° t24 * 24”

CDS? (NEC) 24.1 % 3.S 213 z 29 24.0 * 3.3 26.0 x 2.4 22.S z 3.6 .3tI.9* 29”” 31.S= 32”
CD16(NK) 1s.4 * 1.9 13.X * 1.4 1s.1 * 1.9 18.2 * 2.s 123 t 1.7 1%~ z 2.2 21.0* 27”

#Values are expressed us % lymphocytes * StZM.
●p < 0.05; ““p <0.01 versusplacebo(P).

for assessment of immune function and determination of serum Icvcls of IGF-I ahd
IGFBP-1.

Our data show that DHEA treatment signktntly (p < fl.01) elevated serum
IGF-I Ievcls with a decreasing trend for IGFBP- 1 Icvels resulting in a significant
(p < 0.01) elevation in the lGF-1/lGFBP-l ratio (FIG. 10), a finding confirming our
previous studies. The cflcct of in vivo DHEA treatment on lymphocyte subsets as
determined by flow cytometry is shown in TAkELE1. in response to DHEA treatment
a biphasic incrcasc (p <0.01 ) in monocytcs (CD14) at 2 and 20 weeks was found. B
CCIIS(CD20) showctf u fluctuating pattern with trarwicnt incrctrsc!sat 2 and 10weeks
(p c 0.f)5) foltowcd by n riw (nonsignificant) at 20 weeks. Functional acthmtion of f3
CCIISoccurred as cvidcncwl by it tfosc-rcfsstctfincrcosc in prolifcrtstive response to the
B-d-specific mitogcn pokcwccd at 12and 20 weeks (TABLE 2A and B), a response
pattern parallel that seen in B-cell number. Serum IgG, IgM, ssnd IgA were r
affected (TABLE2S3).DHEA treatment did not affect basal Icvcls of IL-6 product} )
but it enhanecd phytohcrnagglutinin stimulated IL-6 production at 20 weeks (FIG:
Ii).

The number of totitl T lymphocytes (CD3) and T-cell subsets (CD4, CD8) wds
unaficctcd by DHEA tresstment. However, there was a doubling in the number of T
CCIISexpressing the T-cctl rcccptor y/6 (TCR y/5) (p < 0.01) by 20 weeks of
trcsitment, but not the cdll receptor (TCR ed~) (TAOLIZi). T-c~ll function ~~s
activated as evkicnccd by an ktcrcascd proliferative response to the T-cclI-specific
mitogcn phytohcmagglulinin (0.1 pg/ml) by 12weeks (TAULE2). This was accompa-”
,nicd by a significant (p < 0.01) rise in serum sIL2-R (mctisurcd by ELISA, Gcn-
zymc, Boston, Massitchussxts) by 12 weeks, T CCIISexpressing the lL-2 receptor
(CD2S), and the Ctlhitt’td phytohcmagglutinin-indtsccd scereticenof IL-2 (measured
by ELISA, Bisourcc, Camitrillo, California) by 20 weeks (Ft~. 12). I-bwcvcr, a
trmrsicnt dccrcrssc (p < 0.05) in IL-2R oeeurrcd at 6 weeks. The significance of this
finding is unclear. In tddition, DHEA treatment significantly (p < 0.01) incrcascd
NK cell number (CD16, CD57) by 18-20 weeks with a parallel rise in eytotoxicity
(p < 0.01) as dctcrmincd by a Cr-51 release assay using the K-562 CCIIline as the
target’s (FIG. 13).
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..
TA~LSZA Effect of DHEA Treatment on Lymphocytes Response to Mitogens~

Weeks ssfTreatment

Baseline Placebo 4 12 20
Pokeweed mitogen

0.5 pg/ml .84 =0.17 I,o * ~.zl 1.J * ~.~g 2.1 * 0.41” 2.1 * 0,45”
5 gglml 2.2 * 0.43 2.3 a 0..$0 2.S z 0.42 ~.~ & 0.0.4 5.3 * ]-4**

Phyfohem@utinin
0.1 #g/ml 1.3 t ().14 1.220.13
2pglml

I .7 * 0.25 2.2 * 0.50” 1.2* (30tz
6.2 = 2.3 St) ~ ~.3 5.9* 1.1 8.5 * 2.3 5.3 * 1.2

Walucs arc expressed us slimulalimr index (cpm in treatment wells/cpm in test wells) A
SEM.

“p <0.05 versusplacebo<

TASLSIB. EfTectof DHEA Treatment on Circulating Immunoglobulins

Weeks of Treatment

Immunoglohulins Placcho 2 It-1 20
lgG (m8/1) 11,1s2 * 757 11,015 =515 10,933 * 675
IgA (mg/1)

11,245 a 860
1,X69 t 168 1.9.34Y 191 I.flflo * 192

lgM (mg/1)
1,914 * 174

],~}~ * ~f)~ 1,1X7* llt7 1,223 * 202 1,259 * 209

Our study dcmonswatcs a time-rcltilcd stimulator effect of D14EA on the
immune function of aging men. pcriphcrd lymphocytes appear to be targets of
DHEA, wi[h most elfccts cl~cc[soccurring with n Iatcm phnsc of IO-12 weeks. ‘Ihxc
results arc in accord with the in vifm itnirnal data showing a stimulator effect of
DHEA on IL-2 product ion,! ‘.12huI in mktitiwt wc have clcmonstratcd an inereasc in
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FIGURE 11. Conccntris[ionsof IL-6 (nw~n ~ SE) in cuhurcd lymphncyrswunder unstimulaled
(O–O) isrdphylohcmagglutinin-stirnulated(20 vg) crrnditionsdetermined during placeboand
during DHEA (5[) mg/d) trea[mcn!. “*p < (M)l.

I

i
I

YEN d al.: DHEA IN ACING

. .

FtGURE 12. Percentageof lymphocytesexpress-
ing IL2 receptors (fop),corrcentrntiwrsof sIL-2
receptorsin serum (nrkfdk). and IL-2 in culture
(bormnr) drmingplacebo (p) and during DHEA
(S()mg/d) treatment. “p < f).f)5;““p <0.01.

Id
cD25flL.2Rl ●

10

.

oL-----
P281014182O

3000

2000

1000

sn2.R
●.0

J+

s---L--
P 4 12 18 20

Id
●

IL-2

1600

600

P 4 20

WEEKS OF TREATMENT

cells expressing IL-2 rcccptor ands! L-2 rcccptor in serum. In cmrtrast with murinc
diita showing inhibition of’fln agc.related increase in IL-fr by DI{FZ,’.’ wc fmsnd an
tmaltcrcd low Icvel of basal sccrctimr of IL-6. but augmcmcsf phytohcmagglutinin-
stimulatcd lL-fr production in response to DHEA treatment in men. In contrast with
tkrta obtained in postmcmspnusal womcn,rn wc sJisfnot obsww iI clccrcasc in CD4+
T t-cIIs.However, a similur irtcrcasc in NK cells was found with u difrcrcncc in time. --
cssursc of activation (3 vs Ift weeks. rcspcetivcly) in postmcnopauwsl women and in
nur current study in men. The mechanism(s) by which Df-fEA exerts its lymphocyto-
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FIGURE 13. Percentage oftysisof the tar-
get cellsNttwodkcIOr/hsrget (ET) ratiosat
huwlirx (tl) following plucebo (P) and
Df+EA treatments. “p < 0.(15;““p <0.01,

tropic effects is unknown. The tcmpuml synchrony rrf the increase in circulating
IGF-1 and immune activation by DHEA stsggcsts[hat the immunocnhancing effects
of DHEA may be mediated by IGF-1 by virluc of its immune regulating properties,
which have been tlcmrsnstralcd both in vivo and in vimx”J7 The question as to just
how these findings translate 10 immunity agiiinst foreign antigens is being addressed
in ongoing sludics.

SUMMARY

DHEA in apprupriatc rcplitccmcnt doses appears to hitvc remedial effects with
respect m its ability m imfucc an wralmlic growth f:]clur, incrcasc muscfc strength
and Ican body mass, activate immune function, tind cnhirncc quality of life in aging
men and women, with no significant adverse cfkc[s. Further studies arc needed tu
confirm and extend our currcm rcsuhs, particularly the gwtdcr diffcrcnccs.
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I prrrposc 10 discuss some fcalurcs of (I1Cbinchcmistry of tlchytlrtwpinnt{rtwtcrt~nc
(DHEA) which I bclicvc nrc incmnplutc. Attcnlkm ncufs to Iw givcrr M Ihcse issues
particularly in this volume hccmrsc [hey rtliiy l-w rclcvirnt 10some nf [hc subjects that
will bc prcscntcd.

DHEA wns firsI isolatccl in IY34 frum urirtc by Ilutcnand! and Danncnhsum.1
Even at the very beginning Ihc haze thnt envelops our undcrstmrding of the
significance of this cwmpound was evident. In this study D}iEA i[sclf was not
isolated, the substwtcc isola[ctf wirs its ?chloro dcrivistivc. The chlorine-containing
substance was immediately rccngnizcd its mt isrtifact produced from DHEA by
boiling the urine with HCI. What was nut known until 1944 was [hat the most
probable precursor of the chloro cnmpotsnd was the ctmjugatc. dchydrocpiandrrm-
tcronc+dfatc (DHEAS) which was isolated from urine by Munson. GaIkrghcr.
and Kochz in 1944. In 1954 Migcrm and Plagcrl shmvcd that complctc cxwaction of
DHEA from hurnm phtsmrscnuld hc achicwcd only nftcr acid solvnfysis. and Iatcr in
1959 Baulicu4 showed that DHEAS wils alsu the furm that wits mos[ abundant in

● plasma.
In the early years, confusion reigned even sthwt the name of this compound.

Butenmtdt and Danncnbauml first named the compound dchydro-isndrostcrone.
Ruzicka C(aL,$ who syrtthcsizcd the ct]mpound try dcgradatitm of cholcstcrol, ca!lcd
it trans-dchydroarrdrostcronc. Ficscr,&in the first edition of his famou.. 1936 book,
“’Chemistry of Natural Products Related to Phcnanthrstccna” named it ‘“dchy-
droisoandrostcronc.” Between the years 19.36trnd 1949, the biochemical and cndo-
crinc communities almost always used this designation. In 1949 Ficser. in the third
edition of his book, dccl,arcd that the compuuncl should bc dubbed dchydrocpiandros-
tcronc. Although bnth names. dchydroisoandrostcrmsc and dchydrocpiandros-
tcronc, were trivial and the distinction bchvccn the two wissminimal, the influcncc of
Ficscr at that time was dominirnt and the cmnmunity generally acccptcd {hc r’tew
name. Tcn years later, Ficscr and Ftcscr’ rccornmcmdcd still mmthcr name for this
compound. In their classic book, %tcroids.’” published in 19S9 they suggested the
name %mdrostcrmlonc.” This time the ncw name did not prevail, and dchydrocpi-
androstcronc retained acceptance.

To return to the conjugates of DHEA. its sulfate. DHEAS. is indicatccf in
FIGURE1 try the structrrrc at the bottom Icft. R stands for the steroid moiety. At the
top are shown the structures of the glucurmridntc and the N-acctyl glucosaminidatc.
At the bttom right is the structure of the hypothetical and contentious strlfatidc
proposed by Ocrtcl! In the middle 1960sOcrtcl claimed that DHEA cxiats in tissue
as a Iipophilic dcnvativc compo.scd of the steroid sulfate cstcrificd to a diacyl gfyccrol
residue. The steroid moiety of onc of Ocr[cl’s sulfatidcs was DHEA. During the

1

.
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FIGURE 1. Structures of steroid conjugates,

1960s, 0ertc19,11)and cmvorkcrs dcscribcd ihc properties of [hcsc conjugates, includ-
ing their isolation, composition, and hiochcmical transformations. Several invcstigii-
!ors have tried to conlirm Ocr[cl’s ohscrvwions, hui they have been uniformly
unsuccessful. Ncvcrlhclcss. this subject CICSCIVCSmcn!iorr particularly because wc
hove had results thm m:iyhm.wrclcv:incclo Ibis isww.tl WChave prcscntcd cvidcncc
that them exists in twvirsc brtiin lipophilic cornplcxcs of the sulfate esters of
cholcstcr{d illl(f simstcrnl. “Ilw complex is rcprcscntctl in FKN-SttR2 as n dicstcr Of
sulfuric ~Icidwhich fvhcn tr~tilcd wilh pyridinc lc:tds to the formalitsrs of o stcrol
sulf;ilc. shown in IIIC figure :is ch{dcslcrol pyridinium sulfiIIc. in this eiisc, R is n

Iipophitic Corrsthucnl tlf unkmnvn s[ructurc. Proof that DHEAS occurs in tissues in
an analogous fnrm LIocsnot exist, hut. Iikc cholcstcrol, the steroids DHEA find
prcgncnolortc both possess Ihc 3[3-hydroxy-5-cnc grouping, What is true for eholcs-
{crol sulfate, that it cxhis in mammalian brain M a sfcrivativc that is soluhlc in
nonpolar scslvcnts and easily dissociublc into cholcs[crol sulfate by nuclcophilic
rcagems, perhaps even by mc[h;mol, rsmyalso hc true for the sulfates of DHEA and
pregnenolone. Dialkyl sulfates i~r~ wry rcnctivc, and this lability might make the
isokrtion of such conjuqti[cs in int:tct form difficult. If DHEA dots exist in tissue a..
such a conjugate, tind if i[ pcr sc IHSSI>iolcsgicproperties, this molcculc would have
relevance to the theme nf this vulumc.

Another kind of dcriva[ivc of DHEA and prcgncnolonc should bc mentioned.
Several years ago we isokstcd from mammaliirrs tissues, fatty itcid esters of DHEA,
prcgncnolorsc, and o[hcr swroids.11The steroids have hccn shown to exist as cstctsof
palmitic, stcaric, olcic, Iinohmic, aritchidonic, and cicosrstrictmic acids. More rc-
ccn[ly Hochhcrg nnd his coworkcrst~.lJ fount-l that both cstruditd and testosterone
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Lipophilic derivative of Cholesterol Sulfate
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Pyridinium Cholesterol Sulfate

FIGURE2. Proposedstructure of a nonpolar derivative of cholesterol sulfate and the product
formed upon trcatmwrt with pyridine.

arc present in tissues, particularly fat, as Iorrg-lived Iipoidal fatly acid esters.
E..tcrificsstion irrftucnccs the biologic activity of ihcsc horrnoncs possibfy by increas-
ing their half-lives. 1ssisnycitsc [hc physiologic sigrri[icimccof these cs!crs may also
w~rrisnt further eonsidcrn{ion.

The biosynthesis of DHEA may also bc cnvclopcd in .xomcunccrtiiin[y. Despite
thc gcncrnl :icc~ptitn~~ by cnckserirmlngists nf the vsslisfity O( lhc schcmc shown in
FIOURE 3, h is my txmtcntion thtrt some unccrtrtinty still exists about the proximal
prccursora of the Ctwstcroids. in the schcmc, clcrwugc of the C-17, C-20 bond of ttsc
C21-steroid, such as prcgncnolonc or progcstcronc, is shnwn Its involve the in!crmc-
diaey of a mctabditc that has mcygcnfunctions on two vicinrrlcarbon atoms that is.
17-hydroxyprogcstcronc. 17-Hydroxylation and subsequent cleavage (Iyasc) of the

m
13

(24
,3

FtCURE3. Trwlhirmalschemefor the crmwrsionof C1l-steroidsto Cl~-stcrokfs.
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C-17,C-20 bond iscatalyzed by a bifunctiomd cytochrornc P450, 17-hydroxyhtsc/17,20-
lyase. This enzyme is present in adrenals, ICSUX,and thccal CCIIS of the ovary, It is

apparently not present in granulnsu CCIISof the ovJry, trophoblasts of the human
placenta, and mummalian brain, all sites of stcroidogcncsis.

Everything known about this enzyme by 1991 was admirably recorded in a
scholarly review by Yanasc er al. Is Another revicwl~ published cmrtcmporancously
posed the question: Does this schcmc, shown in ~fGtJRti 3, satisfactorily explain all
the facts known about [hc conversion of C21-s[eroidsto Clg-stcroicfs?our iconoclasm
was specifically directed at the question: Wtis a 17-hydroxylatcd Czl-steroid an
obligatory intermediate in the cmtvcrsion ils is rcquinxf by this schcmc?

By 1990 several rqscrrts had cast tfoubi un this formulation. The 1991 review by
Yanase et al. 1salso recognized thal not everything was known about cyttxhromc
P45011.They wrote: “the obscrva(ion tlm[ P4501, IMncmnlyzc (WOdistinct reactions,
namely the 17-hydroxylution itrsd 17,20-lyilsc reactions required fur the production of
cortisol and androgcns, raists \hc intriguing qucstimr: how can wc explain the
dissociation between sccrc[ion of androgcns and cortisol observed at specific dcvcl-
opmcntal slagcs in humans?’” They go on to say “’litdc is known concerning the
mechanism of rcac~iortsclcclivity occurring in the . . . instances of variation in ratios
uf 17-hydroxylasc find 17.20 Iynsc. This remains onc of [hc interesting issues to bc
understood in [hc future.”

These idc;w contain (Iw i~ssumption that ortc crwymc. P45f)17,is irsvolvcdin two
proccsscs, cor~isol formation and C1.s-itndrog~nproduction. No unequivocal evi-
dcncc cxis[s lhat establishes this assumption ;1s fiic[. The cnzymic properties of
P45011arc customarily cstablisbcd by dcmmtstm{ing ill vimoits capacity to convert
progesterone tn 17.hydroxyprogcslcronc mw.1/orto CIWSVCthe ktttcr compound to the
Cl,-17-kctosteroids. 1(s dircc[ involvcmcn[ in the biosynthesis of cortisol has not
been established. The cnzymic products from c~prcssion studies of cDNA clones of
the human enzyme in COS- 1 culls :Irc olso idcntilicd by their capacity to catalyze
these same two rcuclions: cortisol fornmtion was not cfctcrminccL17What precursor
of cortisol could bc used as a substrate itt these itl vifm cxpcrimcnts? The coincidence
of low Icvcls of 17.kctos!croids and low Icvcls of cortisul in 17-hydrmylasc deficiency
disease dots not Iogicdly prnvc Ihitt tlrc same P450 is invotvcd in the two processes.
In a pisrallcl wuy. iilr.k)stcrom sccrctiun is ilk) dccrcascd in this disease. As this
s[eroid does no[ have ;I 17-hydrosyl group, P4501, is proh:d}ly not directly invo!vcd in
its dccrcirscd sctrction. II Ims been suggcstcdl$ [hut other facturs strc undoubtedly
responsible fur tbc dccrcasc in ilhhtcrl)nc proshsctiun. SO too, fuctors other than
P.t5t)17may bc invokw.fto accoun[ for Ihc coincidence of low Icvcls of 17-kctostcroids
and low Icvels of cortisol. It is po~siblc to imagine explanations for the aforcmcn-
tioncd ctrincidcncc olhcr thiln that which itssunlcs (hat the P45017 involved in
androgcn production is [hc swnc as the enzyme that irttruduccs a hydroxyl group on
C-17 during cor[isol forrn:ltion.

The idea thi~t a C-C bond could tw split ~ii~ily only if cisch C atom was substittstctf
with an oxygen functiun. such iis:1glycni or a-kctol, came at n time when the chemical
reactivitics of rengcnts such us HIO, or f%(OAc)4 were readily known to cvcry
chemist. These properties were discovered in the early 1930s. Reichstein had
elegantly used Ihcnl to clucidnlc [hc structure uf Ihc glucocortieoids, again in the
1930s.A search to dclcrminc when the cxtraprrlation trf this idcu wits first applied to
biochemical rcac[iuns involving nuturtilly occurring steroids Icd to a paper in the
August 1938 issue of Ihc Jmvwal OJthe Atrmkwn CIwtnicnl Society, ‘nItsauthor was
RUSSCIE. Marker, who wrote: “products contain t.fihydruxystcctonc residues which
are readily susceptible to oxh-liilic)tlto yickl carbnnyt grutsps is[ C-17,” Hc then
mentioned the properties of H[04 ilnd Pb(OAc)4 imr.1pointed to the Clvsteroids.

LIEBERMAMBIOCHEMRXltYOF D1{EA s

adrcnostcronc and androatencdione, as prnducts that may arise by analogous
“biochcmicaf” reactions. Hc also said thist “this thcoty will predict the possible

cxistcncc in urine or glartclular extracts of rehi[cd steroids.’”
On October 20, 1938,the Canadian, Guy Marrian, was the Hatvcy Lecturer in

Ncw York.ib In his presentation hc described how he established the stnscturc of a
Czt-triol that hc had isolated from the trrinc of a patient with adrenal virilism. Hc had
oxidized this triol with Pb(OAc)4 and had identified the 17-ketostcroid produced as
ctiocholanolone. This 17-kctosteraid and ako isoandroatcronc were ksolatcd from
that same urine, and so Marrian conchrdcd: “h seemed probable to us that an
oxidation similar to that which can bc cffcctcd in the lab wilh Pb(OAc)4 must have
occurred in the body.’”

By 1947this idea that C-C bonda could only bc clcmed when each was substituted
with an oxygen function was generally acccptcd. The l{irschmanns~ wrote. ‘in
general it haa been proposed that prcgnanc derivatives with uxygcrt substitucnts :“
C-17 and at C-20 arc metabolized into 17-kctostcroids. This theory is not dirccl ,)
applicable to the formation of dchydroisoandrosteronc.” They believed this to be so
bccausc the compounds they had isolated from the examined uyinc did not contain a
double bond in the 5-6 position.

The Hirschmanns then made two surprising speculations. T?rcy proposed to
explain the fact “that adrenal hypcractivhy is frequently asmcisstcd with a subntwrnal
output of urinary 17-kctostcroids’” by assuming “that the rcac[ion between CfY-17-
kctostcroids and Czl-l 7-hydroxy-20-kctostcroids can procccd in both direct ions.”
Finally, they found it “conccivablc that the dehydroisuandrostcronc nccdcd to
initiate such a synthesis (of C2tcompounds) may bc formed from cholc$tcrol without
passing through an intcrmcdiatc containing 21 carbon atoms.” To the present, no

proof for either of these two suggestions has been forthcoming.
In 19S0Hcchtcr and his collcagucszi dcmonsmated that enzymes in the adrenals

could hydroxylatc steroids at specific carbon atoms. It is of special interest that they
isolated 17-hydroxyprogcstcrone after perfusing progestcrtmc through an isola[cd
bovirtc adrenal. Tbcse considerations Icd in 1953 to the proposal” that “hydrox-
ylation at C-17 of stproperly constituted precursor(s) possessing the A$-3&ol groups
would yield . . . the 17-hydroxyiatcd 20-oxygenated prcgnanc tfcrivatives which would
bc the precursors of urinary 17-kctostcroi& Onc of these 17-kctostcroids is the
As-3&hydroxy-17-kctostcroid, DHEA. The suggcxtion was misdc thcnzz that DHEA
is “not the mctzsholitc of a hormone but is the urinary product from an intcrmcdiat
in the biosynthesis uf the adrenal hormones.” That in[crmcdiatc obviously could t ,)
prcgncnolonc, which tst that time ( 1953) had been isolated only from pig testes.z~

The proposal that prcgncrtolone was a precursor of DHEA assumed that
17-hydroxylatirm was an cssctnial feature of the sternitfugcnic processes Icading to
the CW-and Ct~-stcrriid hormones. At that time, most cndocrinc biochemists were
fwatcd-and maybe they still are~n the absnltrtc ,ncccsaity of having oxygen .
funetiona on both carbon atoms of the side chain in order for clcavagc of the
C-17-C-20 bond to occur. If this were true, 17-hydroxyprcgncnolone artd 17-
hydroxyprogestcrurtc would then bc examples of obligatuty intcrmcdiatcs not only
for cortisol but ah for the 17-kctostcroids such as DHEA and for the hormones
tcatoxtcronc and cst radiol.

These consitfcratirms naturally Icd to the proposition that cytochromc P45011is
an cs.wmtialenzyme in the hiosynthctic pathways by which tcstos{crotsc arid estradird
as WCIIas cortisol irnd DHEA arc produced. The two-dimensioned representations of
the pathways involved in stcroitl hormrmc biosynthesis published in every textbook
that deals with this iwc clearly propose this central feature, hut these rcprcscnta-
tions probably do not reflect the natural situation correctly. These schemes are
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FtGURE4. Summary of the resultsuf }Iochhcrg c/ u/. (A) irnd Shimizu (B) which suggestthat
17-hydroxylationisnot essentialfor the conversionof a C:I-steroidto a Clwsteroid,

constructed (by biochemists) [o systcmatkc our bioehcmicrtl knowledge and to
present that knowledge in an citsily ~ssimilistiihlc manner. Tkre dcpietcd chemical
relationships, however, do not defhw the intcrcclltrlw swrangemcnts. These schcmcs
may give the impression that the various hormone-proclueirtg proecsscs arc randomly
distributed in the relevant cmlncrinc CCIIS.But a bctlcr view of the in sifu situation
may be had by considering that there exist intercellular swtrcturcs (e.g., mrrhicnzymc
complexes), crrch of which is dcdicatcd to [hc production of onc specific hormonal
product, Within this view of rcirlity, it may bc possitrlc to arrive at the proper
evaluation of the mlc of P4Sf117.

From our current knowledge it is rcitsonirblc to hold that cytochromc P450,1 is
involved in the formation of Clv-strwoids. But it is not unreasonable to ask Is the
process shown in FIGURE 3 the only piithway by which DHEA can bc formed?

A large part of the review Prwatl and I wrote in 1990 was devoted to this
question.lh Wc pointed out that several papers suggested that there may be other
pathways leading m Cl”-steroids. FKNJRE4 presents the results of the two most
compelling studies, those uf f-fochbcrgef d.~~ and Shimku.zs

Hochherg cf al. incubated 20-deokyprcgncm~ lonewith rat testes microsomcs and
produced tcstostcrrmc in rrhuut 3% yield.~iThe C- 17-C-20 bond of the substrate was
readily clcavcd during the artificial in virro incubntirm even though rscithcr carbon
atom of its side chain bears an oxygen function.

Shimizuz$in 197tl incubated dcutcrutcd prcgncnolonc with boar testes micro-
srrmcs and isol:ucd dcutcrntcd ;mdrostcrwdiol. The dcutcrium Mom stt C-17 present
in the substrate wos rctairwd in the product. This result prccludcd the possibility uf a
17-hydroxylatcd C:l-intcrmctfia[c, hccwrsc if it were invulvcd in the process, it could
only have been formcclby displuccmcnt of the dcutcrium atom.

It is unclctirwhy mr-wctittcntion hits not burr paid by the cndoerinc community to
Shimizu’s rcsuh. Hochbcrg’s cxpcrimcnt may be critic~~cd by pointing out that the
substrate 20-dcoxyprcgncntrksnc is um-iislrsralmsd consequently the result is artificial.

..
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Still, this unrratural substrate rcscmblcs cholcaterol in that both it and the sterol have
hydrocarbon $ubstitucnts at C-17. On the other hand, the substrate in Shimizu’s
cxpcrimcnt u the naturally occurring substance pregncnolonc, and the result ob-
tained with it clearly indicates a seeond pathway from Czl-steroids to Ctrstcroids,
rmc that prueccds without the intcrmcdiaey of an isolntrrbtc 17-hydroxy-20-
kctostcroid.

It maybe logical to dub pregncnolonc a “putrstivc” precursor of Cl@croids. Is
secpticism about this point also warranted? The bulk of the evidence suggesting that
a C-20 ketone, such as prcgncnolonc, is the necessary proximal precursor of
Clg-steroids comes from in vifm cxpcrimcnts in which tissue preparations arc

.
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FfGURE 6. Proposed mechanism by which a Cl~-20-kclrMeroid is oxidized
kelosteroidor a Cll. 17-hydroxy-20-keiostcroid.

to a CN-17.

incubated with this C-20 ketone. Two prrssibili[ics are pertinent: the substrate is not a
true reflection of the natural intcrmcdiatc or it is, That it is not comes from the
possibility [hat an unnaturiil substrate may yield, in such artificial in viou cxpcri-
mcnts. a naturally occurring product, onc the invesligis[ur expects. There are many
examples of this phenomcnsm.z~III vi~rocxpcrimenls. such as these, may suggest how
various metabolic pathways procccd, but they do not reveal [hc true naturally
occurring substrate. hi viwoincutmtiort cxpcrimcnts can suggest only.what is possible.
They do not reveal with ccr[ainty wh~t i~ct~illyprcvails in sire. They certarnly do not
reveal the rmturc of true intcrmctfiahx for these most Iikcly arc tritnsicnt, nonisolat-
iIblc (at present) spccics.

Evtm if prcgncnolursc is the true proximisl prccuraor of Ciq-steroids, it is possible
to frmrrtulatcoxidation pmtcms that do not involve the intermediacy of a 17-hydroxy-
20-ketone. Thcsc arc shown in FIGURES, On the Icft, oxygcntstion is shown to mur

at C-17. FIydroxylrition reactions ca[alyzcd by spccilic cytochrome P4SOS are thought

to occur by an H atom abstraction from a substrate followed by a free radical
recombination mechanism. Currently, it is not uncommon to invoke the idea that
some biochemical rcirclirtnsarc best fomtulii[csf as free radical reactions. When the
steroidogenic pathways were firs~being invcstigatccl 30-40 years ago, such ideas were .
not fashionable. NowrIcfsys,it is acceptable to say that “free radicals play a significant

rol~ in mctabolhm.”n The P450 reaction mechttnism invcdvcs the reduction of
molecular oxygcst 10 rcisciivc spccia~ shown in I%URI; S in brtrckcts. The alkoxy
radical shown couId frisgmcnt by ~-scission, a WCI1known property of such spccics, to
give the 17-ketostcmid. Oxygenation at the C-20 carbonyl group (FIG. 5, right) could
Icad by a Bacycr-Villigcr rcarrangcmcnt reaction to yield the 17-hydroxyCl+teroid.
in neither case is an isok+tabic X7-hydroxy-20-ketosteroid an obligamry intermediate.

Even if prcgnenolonc is the natural precursor and even if oxygenation takes place
at C17,it is possible to formulate a process that accuunts for the formrttion of both the
Ct7-ketone and 17-hydroxy-20-ketone without the l~ttcr being a precursor of the
former. FtGURE 6 shows a achcmc in which both products arc formed from a common
rcaetivc nonisolatablc spccics (shown in brackets).

The fact that the expected product is a 17-kctosteroid, such as 13H~ and is
formed in in vifm cxpcrimcnts from prcgncnolonc is not logical pruof that the
cxpcrimsmtal conditions mimic natural proecsacs. Ketones, pssrtictshwlythose whose
a-carbon atoms beur a hydmgcn atom as a mshstitucnt, arc rcwtily susceptible to
oxidation. A biologic systcm containing oxktiises. poroxishrsc~ and hydroxylascs
exposed in incubation experiments to sfioxygcntcnsitm_scvcral times that prevailing
in situ may generate mxsnypotent oxidants such as .02. H02, HO., HOOH, and
LOOH. How any onc of these species may react with a methyl ketone such as
prcgncnolonc must bc taken into account before the rcsuh is asaumcd to mimic the
in sifu stcroidogcnic situation.

CHOLESTEROL

1Wald 7dsy9

IcQbc
.-

FtGURE 7. Produc!s kdmcd from n sample of choksteml hen!d at 10tiT for 7 days. (A
~ummaryof the rcmshsnf Varsticr tmdSmi;h.1970.J, Org.Chcm.2S 2627.)
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FICUltE M. Some chilrac!cris!ic rc:wlions of alkoxy radicals (RO).

Moreover. cy[ochrornc P450s :Irc known 10 ac[ as pcruxiclmes.272mThis Icads to
nnolhcr proposi]”I for [tw formilt ion of ( ‘l,,:1ndrogc ns. 1n this thc proximal precursor
of Clw-s!croidsis chtdcs[crol. Fl(;LIR~7 shows the oxidation prnduc[s Smith and his
ctdlcague,. VanLicr, :4 isolated after hcu[ing chofcstcrol for 7 days at 10&C. Onc ‘
product is the 20-hydrrrpcroxirJc nf cholcstcrul. They nlso identified pregncnolone,
DHEA, and tindrostcncdiol. Obviously no cnzyrnc is involved in these reactions, but
if in biochcmic:d convcrsirrns thc side-chxin clcirviigc enzyme cytochrome P450scc
reacts with cholcstcro[ w C-20. as in f%wRIi K, K) form an intcrmcdiatc such as that
shown in the Irrp Icft corner, two clcwmgc rmrtcs can bc imagined, Both follow the
formation of [hc X).alkoxy radicn[ shown in [hc top ccntcr. Alkosy radicals irrc
known to cleave rcticlilyby ~-scission. ~-scission bctwccn C-20 and C-22 Icads to the

‘-.
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FIGURE9. Proposedroute bywhicha Clvstemid could be formed from a swrcdicprecrrrsorby
oxygenationoccurringal C-17,

20-kctostcroid prcgrrenolonc and @cission bctwccn C-17 rind C-20 could lead to a
Cly-steroid.

Anolhcr fmmululiun is shuwn in FIGURE Q. In thk the cytochrornc is assumed to

OxYgcnalc at C-17. Thc resulting alkoxy radical coukf clctrvc between C-17 and c-20,
forming the 17-kctostcroid. Some years ago wc showcrJ that clcnvagc between C-17
mtd C-2(I could occur when an artificial, synthetic precursor, 2f)-phcn l-prcgnerre-

Ldiol {FIGURE 10), WM used as a substrate with adrcmd mitochondria. Acetophe-
nonc was identified as one cieavagc product, proving that clcavagc between C-17 and
C-20 had occurred.

More rcccnt results support such a possibility. Wc rcccntly reported that a
nonketonic extract of rat brain from which all ketones had been removed (by a
Girard Reagent) would. generate prcgncnolortc and DHEA when treated with
various chcmica~ particularly FcS04.J1 FIGURE11 shows our interpretation of this
finding. If hydropcroxidcs or dioxctancswcre prcssnt in this nrmkctonic extract, they
would be cxpcctcd to react with thc reducing agent FcS04 M yield these kctostc-
roids. This extraordinary reaction, a reducing agent converting a nonkctonie com-
pound into a kctrmc, is a characteristic of hydropcroxidcs. Tfrus, in the brain,
.ymchromc P45~ catalyzes the conversion of cholesterol to prcgncnrslone (P). This
2fLkctonc as well as dchydrocpiandrostcronc (D) may bc formed either cnzymati-
cally or by noncrrzynurtic autooxidation from the hydropcroxir,lcs or dioxetancs
(cyclic peroxides) present in nonkctonic fractions. Thus. the scheme in FtGURE 11
rcprcscnL$ another pathway by which dchydroepiandrostcronc may bc formed in
vi/m by a process not involving a C1l-intcrmcdialc.

Finally, a fcw thoughts ahuut [hc further mctidmlism of D}IEA arc relevant.
FIGURE 12 shows some intcrconvcrsinrss thrrt DHEA mity umfcrgn. These intcrcon-
vcrsions have hccn knnwn for dccmfcs, and they irrc shown here merely to dcmon-
strate that DH EA can serve as srhiosynthctic precursor of Icstostcrw-rcand thcrcfrsrc
atsn of cstradinl (not shown). fXcn here, hvwmwr. with whnl trppcars 10 hc
strtiightfw-wirrd, the nilturid histury of DHEA is nm simplr, in addition to the

4.0)s0 :1 y,

FIGURE 10. Ermmfrlcof cleavagebetween C. 17 mrd (’-20. one product is acc!opherroncand
thewher isa rcwrimgw.1Cl$-steroid.
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FIGURE 11. Reactions leading to the hmmotion of prcgrrenolone (P) and dehydrocpiandros-
terone (D) from cholesterol. Rcuctiun 1 represents I he generally acceptedside-chain cleavage
catalyzed by P4S(l~X. Compuursds l-l V tire proposed us nrmketonic pcroxidic constituents of
twain extracts which m:ly Iewl 10 the form:liion of P and D. Reactions 2, 2’, 3, and 3’ may he
enqmatic or noncnzymotic (tiulooxidnliorr).

mcslcculc i!sclf. having its own bio!ogic role (or perhaps more than unc role), this
Cl~-s:croid serves M n ntctiih(~li~prmwrsnr for aI Icasl two other hormones, tcsuwx-
nnc am-tCstrill.tiol.

There is nothing ~xtrilurdinilty iiho~lt [his tinding. Othcr stcrukktl compounds,
such as prcgncnulorw, serve as progenitors uf hurmnncs. For example, prcgrtcrtolonc
is considered to hc a prccursnr of progcs[cronc, cortisol, tddostcrone, and also
DHEA. But the circumstisnccs in which DHEA and probably other C19-stcroiclsare
used as precursors in cs!rogcn biosynthesis ttrc pcrccivcd to have a curious fcamrc.
Although the Ccllulilr factories that make progcslcrorrc, ccsrtisoi,or tIkfOStCrOnC arc
thought to cormsin all ihc ccsmponcnts (enzymes, coenzymcs. etc.) ncccssaty to
compktc the process that transforms the stcrol precursor, cholcstcrol, into the
hormones, the CCIISIhat mutic the Cl~-steroid cstrndiol isrc conceived to bc “incom-
plctcly endowed.” The CCIISthitt produce the cstrogcnic hormone arc said to bc
unahlc by thcmsclvcs to make the essential, prrsximrdCl~-steroidal prcctrrsors, such
as DHEA. The cstradiol-pruducing CCIISin the ovitry, the granulosa cells, and the

syrtcotrophoblastic cells in the placenta are corwidcrcd to be unable to synthesiic
from a C21-prccttrsor the Clvinterrncdiatc necessary for the production of estradiol.
For 2S-30 yca~ this notion has generally been acccptcd: the grantdosa CCIISJIand
the syncotrophoblastic ccllsfi~ must obtain the essential Clrstcroidal prccuraors
from other CCIISin order to feed the aromatization process. This thesis holds that the
C19-prccuraors of the estrogcnic hormone must bc made in onc plac~ in the ovary it
is the thccal cells and in the placenta it is the adrenal CCIISof the mother or fetus or
both, following which the Cl@eroid is transported, in the ovary by diffusion and in
the placenta by the blood, to the eatrogcn-prodtscing cell where aromatization takes
place. Support for this thesis comes from the finding that cytochromc P45017has not
been found in eittscr the gmnulostt CCIIor the placenta. Because this enzyme is
ctsnsidercd csscntiiil for cstradiol biosynlhcsis, its abscncc is considered to support
this thesis.

So her% too, DHEA is a curiositfiit is invofvcd in an extraordinary procc~ onc
in whiih tbc CCIISthat require it as a building block for a process essential for the
perpetuation of the Species arc supposedly unaMc to ayrtthcsizc it. nCSC CCIfSarc
said to depend on help from other supplicra. This scenario has been rcpcatcd
unquestioningly time and time again in textbooks and reviews written WCIIinto the
1990s. In myjudgment evidcncc supporting this thesis is far from compelling and it is
unwise to csmsidcr this thesis as an established fact. Further discussion of this facet
of the bwhcmistry of DHEA here is inappropriate, but I mention it merely to reveal
another unresolved problcm at the center of which is DHEA. It is appropriate to
mcntiorr here that in the brain where DHEA is found, the nature of its precursors is
also unclear. In the btiin, chokstcrol can bc convcrtcd into pregncnolon~ but the
b~thc..is of DHEA from prcgncnolonc in this organ has not been dcmottstrated.

This paper attempts to call attention to some gaps in our knowkdgc of the
biochemistry of DHEA that may have rckvancc for some of the papers that follow.

o

-050&’
Ochydrocpiandrmwrone wdphaw

Testosterone

FIGURE 12. Some metabolic intcrconvcrsionsof
relatives.

Dchydrocpiandrostcronc

Attdrostenedionc

dehydrocpiandrostcronc and its CIV
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Does DHEAS Restore Immune
Competence in Aged Animals through Its

Capacity to Function as a Natural
Modulator of Peroxisome Activities?”

NINA F. L. SPENCER$ MATTI [[;W E. POYNTER,h

JON D. HENNEBOLD$ HONG-HUA MU?

AND RAYMOND A. DAYNES,4’

‘Depotinsent ojPatltoloW
Unirersiiy of Utoh School OfMedicine

Suit Laiic City, Utah $4132

rt%n”atn”cRescarrh, Education and Clinicaf Center
Veterans Afiairs Medicnl Center

Suit Lake City, Utah 84112

Optimum function !hrough(sut Iifc of an individual’s immune system is intimately
dcpcndcnt on Ihc highly regulated produc~ion ;md biologic activities of a wcll-
balanccd network of protein cytokincs nnd grnwlh fiic[()~. Collcctivcly, these mol-
CCUICSare well established to bc invnlvcd in the pmlifcratksn, differentiation, and
survival of the vtirimsstypes nf lymphoid CCIISthat cnnstittttc the mammalian immune
sys[em.i.zTheir plcitrtropic biologic isctivitics,however. extend WCIIbeyond ccl] types
asmciatcd with the immune systcm and include control over a divcrac array of
cellular and physiologic proccsscs thtit occur in many di..tinct tissues and orgnn
.~tcms of the body.1.~

Age. stress, autoimmunc cliscttscs, and many infcctim.ts agents crcatc conditions
that can subvert normal host dcfcnscs through their capacity to detrimentally
remodel [hc host’s highly coordin:l(cd cy[okinc nctvmrk by cf~cctivclyaltering either
the production of or the cellular responses [o these protein molcculcs. Some of these
conditions can aclually elicit, withoul cxogcnnus stimulation, a constitutivc procJuc-
lion of certain cytukinc spccics by hypcrisctivc Iymphoid CCIIS.This dysrcgulation in
gene expression results in crsnst:mt exposure nf all cymkinc responsive CCIISwithin
the vicinity of the cytokirw-producing CCIISto the nmchslatory activities of the
abnormally prnduccd ilrtd sccrctcd molcculcs. Dysrcgukrtions in cytokine produc-
tion, tbcrcforc, Gin lead (non tiltcrcd st:ltc of ccllukv rcilc[ivity to exogenous agents
ur antigens and may result in :~Iuwcrcd C;IpilCitYtn elicit prolcctivc types of immune
and infhmmittory clTcc[or rcspmtscs. C)vcrcqsrcssinn of some cytokincs may al.sn
lead u-r incrcitscd :Iumantihody production which may ttltimistcly proceed to the
dcvclopmcnt of mstoimmunc disease.

Steroids rcprcscnt ii Clilssof smisllmolecular weight bioactive molcculcs derived
from cholesterol. mnny of which h;ivc long been known fnr their modulatory cflccts

aThis work was suppnrIcd hy N:ttiond Institutes of I lcid!h grants CA2S917,andAGI 1475
and hyDVAMcslicat kcsc:trch Funds.

hAddrc$~ for ~t,rrc.lN~!\&ncc: Il. A. t%yrms. Dcp:wmwnt of P; NI1oIoLT.university of Ul:lh

School of Mcdicinc. S0 N. Medical tlrivc, SW lJAC City. UT’ X4 (32.
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‘on lymphoqles, macrophages, and other cdl types associated with the mammalian
immune system.s “Dchydrocpiandrosteronc (DHEA) is a natural steroid which, in
addition to being the precursor of sex steroids, has been reported by many investiga-
tors to possess irnmunornoduiatofy and immtmocorrcctivc activities.&1311e immuno-
regulatory effects of DHEA are most striktngfy demonstrated in expcrfmertts employ-
ing conditions under which the host is in some way immunologically compromised.lelz

Before being secrc!ed into the plasma by the adrenals, most newly synthesized
DHEA in humans is efficiently sulfated to DHEA-3f3-sulfate (DHEAS). DHEAS is
the dominant spucics of steroid in the plasma of humiuts. yet its concentration
throughout the Iifc of an individual is known to iluctutstc gnmtly (Pto. 1). High icvcls
of DHEAS arc present in the plasma of the late-term human fetus and in newborn
infants.i’ These high circulating levels of DHEAS dramatically decline over the first
6 months of neonatal life.14Low plasma Icvcls of this steroid are found in both males
and females until adrcnarche, which tssually begins at 6-S years of age. Plasma
DHEAS Ievcls then rise dramatically to maximum Icvels of between 1 and 6 pg/ml

4cC0
1
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FtGURE1. Agc-mxoci;ttcsI dcclinc in DliEAS pfodtsclion. A&spIcd from Orcntrcich etd.1$

t

i near the cnd of the second decdc of Iifc.ls After the. peak Icvcl of adrenal DHEA
! production is rcachcd, adrenal DHEAS output gradually and consistently dccrcases.

Circulating DHEAS tcvcls uhimatcly decrcasc 80-WY%by the age of 70 or Iater.i%l’
1 Interestingly, tbc functional crsmpctcncy of the immune system is less suited for

optimum protective activity in very young or very old individuals, which represent
times in Iifc when cndogcrrous DHEAS production ICVCISarc at their Iowcst.
Analysis of plasma IXIEAS Icvcls in a Iargc group of cldcriy human volunteers has

established a very poxhivc crmrclat brt between DHEAS lCVCISand general health. t$.’x
In other historical .studics, the quantitation of mean circulating DHEAS Icvcls in
numerous mammniian spccics indicates a direct correlation bctwccn serum DHEAS
Icvcls and the avcriigc Iifcspan of the spccics under evaluation.tq

Wc report an OVCM”CW of the findings of our srndothers” laboratories dcw”bing a
variety of agcmsockttcd dsnormalitics in both imfuciblc and cortstitutive cytokinc
production. The pnmihlc roles of thcsc ngcnts in crcnting thc scncsccnt immune
systcm arc prcscntcd. rrs arc the powiblc implications of a dysrcgtrlatcd cytokinc
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nctwor!i in ahcring [hc func~ion of many organ systems distinct from the immune
sy~tcm. OW discussion thm mows to the rcstorirtivc effects of suppkmcntal
DHEAS therapy with regard to its ability to correct the dysrcgulatcd expression of
cytokhw genes in aged animals and the implications of this correction on the
pathophysiology of the aging process. Finally, our current hypothesis of the possible
mechanisms by which DHEAS exerts its r.fivcrsc array of biochcmiciil effects is
discussed.

DYSREGULATION IN THE MECIIANISMS TIIAT CONTROL
THE PRODUCTION OF CERTAIN CYTOKINE SPECIES

CONTRIBUTES TO TlfE IMMUNOSENE!!CENT PHENOTYPE

Dpregulafion oJInducible Cytokine I’rodttction with Aging

Uncfcr normal conditions highly rcgulistcd and cxxmfinatcd mechanisms exist to
control the ra~c nf cymkinc production by Iymphoid itnd nonlymphoid CCIIS.Collcc-
tivcly, [hc cy[okincs SCIVCas lrwtsicmly cxprcsscd intcrcclhslar sirmitlitm molcculcs
which arc invulvcd in providing microc~vir&mlcnt-specific infmrtt~tion t; the muhi-
[udc of cellular clcmcnts Iinkctl dircc!ly or indirectly tn the immune .xyxtcm.z
Cy[okincs illso prtwidc l~iochcmical infornultion to M(>SI of Ihc hudy’s cd and organ
systems.: TIw nlcclmnisnls IIUIIWUkIIC ccllukir prolifcratiun. the acquisition or krs..
of ctTccmr activhics, diffcrcntiiltkm prnccsscs. imd even the resistance or susccptibil-
i[y to apoptosis arc directly mcdiillcd through cytokinc cfTccts.1These molcculcs,
which itrc generally rcstricwl in lhcir production [o the cunscqucnccs of a specific
cclhslar activation cvcm, OC[principidly Ihrotsgh nutocrinc or pisrrscrincpathways to
influcncc the physicA>gicactivities of producing iis WCIIas neighboring CCIIS.@o-
kinc inffucnccs arc only rarely faciliuttcd viitcndocrinc pa[hways.z

An almurrnality or dysrcgulatiorr in the inducihlc synthesis and secretion of
ccrt itin cytokinc spccics wns ohsc rvcd with it numhcr of d iscitsc stistcs.~L2~Numcrtms
invcstigakws hmw dcmonslrntcd tlmt Ihc cilpti~ity of itctivatccf lymphocytes to
synthesize iind sccrc[c in[cdcukin (11.)-2, IL-3, irnd grisnukxytc/mmmcytc colony-
stimulaiing facmr (G M-CSF) is significitntly rcducccl in cells derived from aged
iinimxls ;md humans, Wl)(!rcilslhc ~:tpit~ily()[ Ihcse Silmt!CClkiIO produce IL-4. IL-5,
IL-h. IL- It), wsd gwrnn:l in[crfcron (1FN--y) is rnarkcdly incrciiscd.l~.~LZT11has been
hypothesized (h;lt ihc profound qualitii[hw iind quilntitativc changes in activation-
drivcn cytokinc rcsprrnscs may explain misny of [hc rdtcrcd cl~cctor rc..ponscs
observed in aged individuals, including chnngcs associa!cd with the well-described
dcdincs in cclluksr m-d hurnor~l immuni[y.l?.~~.~

Constitwtivc Cytokitte Dy.wqulntiow w’itltAging

Our Iahoramry l~iisohscrvcd thiil lymphoicl CCIISderived from the spleen and
ccr{ain lymph nw.ks of aged animals spuntxncmssly sccrctc significant Icvcls of IL-6,
11.-10,and IFN-y when placed into tissue cuilurc without added stimulants.lJ-~1-~1
1L-2 or IL-4 arc nut producw.1hy these Siln]cCCIIpopulil[ion~, indicssting that the
prcscncc of IL-6. 1L-1[), and IFN-y is nol tin arlifuct associated with nonspecific
Ccllulitr stimulation ci]tiscd hy the in viwo conditions cmpk\ycd,J1 TIICdysrcgulrrtcd
production of lL.6 is W)grciit 111;1[the prcscncc of ~ytukirtc cun rctidily bc dctcctcd in
the plasma of aged ilnimals.1~.~~Il.- 1[1iind lFN--y cannot bc dircc[ly dctcctcd in

SPENCERet al.: DHEASANDIMMUNECOMPETENCE 203

serum or plasma samples from aged animals but ahnrmnai production k easily
observed following in vi-mculture or by using molecular techniques to quantitatc
cytokinc mcsscngcr RNA levels.mJ1 Finally, human studies have further confirmed
that IL-6 is dctcctablc in the plasma of aged donors but absent in young htdividu-

, als.l%J2
IL-6 is a plciotropic cytokinc [hat pla . a critical role in the generation of the

~In the immune systcm, it appeara to ~acute phase and inflammatory responses.
involved in T-cell itctivatkm, grnwth. and difftxcntiation and to induce both B-cell
proliferation and msstursItion.~’ Furthermore. imitlysk+of the IL-6 gene knockout
mouse established that Ibis cytokinc is also important to the sfcvclopmcnt of the
mucosal immune sys!cm..” The rcgulatimt of IL-6 gene cxprcsskm is complcxt and
usually little or no 1L-6 protein is prodtsccd spontaneously. Whh age, however. this
tight regulation seems to be relaxed, and measurable Icvcls of IL-6 appear in the )

plasma in the abscncc of an overt inflammatory stimulus. Thus, aging seems to
rcprcscnt a condit ion in which IL-6 responsive CCIItypesin the body arc relegated to
undertaking their normal physiologic proccsscs tsncfcrthe continual influence of this
cytokinc. Aberrant outcomes, such m a pcmistcnt acute phase response, continual
nonspecific B-ccl] stimulation, or crihanccd osteoclast activity resulting in greater
riitcs of bone rcaorptiun, rcprcscn[ isfcw nf the pitthnlogic conditions that may rcsuh
on the basis of the well-dcscribcd hiuactivitics trf this cyttskinc.33These as well as
olhcr CCIIilt)d orgrtn systcm changes thi]t can bc directly inchsccd by IL-6 arc
commonly ohscrvcd in aged individuals.

IL-10 is a multifunctional cytokinc with strong immunomodulatoty propcrtic%’$
that appcms to bc crmsthutivcly cxprcsscd in old ttgc and may thcrcforc bc
cent inuously exerting its inlluenccs on all 1L-10 responsive CCIItypes.J1 IL-10 is
rcprsrtcdly producctf by iictktkd T CCIIS, B CCIIS, and macrl)phiigc% although T-ccH
production of this cyt(~khtc has hecn studictf most cxtcnsivcly.~$ IL-10 possesses a
broad range of reported activhics, including the cnpacity to afTcct numerous physi-
ologic functions in mitny dil~crcnt CCIItypcx and organ systems.~$For example, many
isgc-assnciatcd changes in T-ccl!, macrophagc, and Rccll funct icms that define t~c
immunrmcncsccrrt phcnolypc~~ mny hc closcfy Iinkcd tu dysrcguhstcd control over
cndogcnous IL-10 production. IL-10 ciin dircmty inhihit 1L-2 gene expression by
itctivatcd T CCII%’l-Mrctfucc the cxprcwitm of Cfils. II major histocornpatihi lity
complex (MHC) rnolcculcs on mon~cs/mamt}phngc~,”w id depress B7costimula-

1

tory mulcculc cxprc%skmon ssctivatcd nutcrophagcs. w prcvit}lls studies alsu dcmon-
striatcd that IL-10 curt inhihit stimukttcd macrophngc productitrn of numerous
cytokirrcs and ttltcr antt~ production by convcntitmisl B CCIISin response to either
T-indcpcndcnt or T-dcpcndcnt antigens. 4!.42some of thcs~ c(mdili~ns arc similar to

those that occur ‘“naturttlly” as a conscqucrtcc of aging.
Wc rcccntly dctcrmincd that the constitutivc IL-10 prodttction obseswd in

lymphocyte populations isolated from aged animals was duc to II-cell overactivity.31
A subpopukrtion of B CCIIS.termed CDS+ B CCIIS,arc major produccra of lL-lfl
following cellular activation. 4.IInlcrcStinglY, a~()}utc numhcrs nf CD5+ B ~lls in an

individual incrcasc with mfvancfng ngc.a+
It has hccn frypotftcsir.cdthat CD5” B cells miryrcprcscnt a sccomf 11-cellIincagc

which arises early in cmhryonic dcvclopmcnt front cnmmil ICI-Istcm CCIIprecursors
and that renewal of btmc marrow prccursnrs for this CCIIIypc Icrminatcs shortly itflcr
birth?s.47B CCIIStlcrivcd from this dcvclopmcntrsl pathway have been designated B1 ‘
CCIISand hrwc now hccn further categorized into onc of Iwo suhpopulations. Blo and
Blh ccllsY$”47The only reported dilrcrcncc bctwccn these subpopulation.. of B CCIISis
thitt Blrt CCIISexpress Ihc CDS CCIIsurface molcctslcwhereas Ill h CCIISdo rsm.4s.4’No
functional distinction hctwccn Bla and Blb CCHShits yet hccn identified. and both
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populations of lymphocytes have been implicated in the production of autoreactive
antibodies.a

II has been WCIIestablished that the prcscncc of autoandhxtics such as antithy-
roglobulin, antithyroid pcroxidasc, antigastric parictal CCII,and antiadrenal cell
antibdics incrcascs in the elderly.4*-wThe age-assnciatcd clcvatitm in autoantibody
production may bc attributed to the incrcxtsc in B1 CCIISin aged individuals.
Obscwcd incrcascs in B1 CCIISalso occur in several clinical conditions other than

W.$Zsfitcmic IUpUS c@ttematosus,s3 and can-aging such as rheumatoid arthritis;
ccr..”~~Each clinical condition in which B1 CCIISssrcincreased closely correlates with
increased Icvcls of autorcactivc amibodics as WCIIas the B-cell growth factor
]L-10.$1-5$

Wc rcccntly ascertained that unstimulatcd Iymphoid CC1lS from aged mice

spontaneously proc!ucc significant antoun(s uf I FN-y. This molccttlc rcprc.sents a
cytokinc with highly plciotmpic activities that may contriiutc to agc-associrstcd
depression in cellular and organ systcm function. IFN-y can upregulate the expres-
sion of Ciass II MHC molecules in numerous CCI1typcs~fi which associate with the
pathogcncsis of tsutoimmunc diseases such as rheumatoid arthritis,m insulin-
dcpendcnt diabetes mcllitus,hl.hzand multiple sclerosis.fi~IFN-y can markedly de-
press the rcsponsivcncss of many CCIItypes to a variety of growth factors including
cpidcrmal grwth factor, platelet-derived growth factor. and etythropoictin.~.m
Under conditions in which IFN-y influences growth factor responsive cell types in
vivo, akcratirms in wound healing rates, crythrocytc dcvclopmcnt, and other changes
in hematopoicsis arc cxpcctcd. IFN-y can also exert its modulatory effects indirectly
via its synergistic activities on the stimulated production of inflammatory cytokines
such as tumor necrosis factor (TN F), 11.-1,and IL-6.~$,~Normal physiologic activi-
[ics promoted by these cytokincs may develop into pathologic consequences under
conditions in which [heir Icvcls of induced production are being chronically aug-
mented.

Our recent studies on the agc-associated influences of IFN--y in vivo have
dcmrmstratcd that lymphocytes from aged animals Iosc tttcir ability to respond to a
very impor[ant cytokinc, transforming growth factor (TGF)-~. TGF-~ PSCSSCS a
rcduccd capacity to inhibit inducible cytokinc production by Iymphoid cells from
aged animals. It is appreciated that lFN-y ctm antngorsizc many reported rictivitics of
TGF-P in rilro, including those helimwf to ttc essential for the stimulation of borrc
formation by ostcohlasts.67,~ lFN-y can pmmotc bone resorption and inhibit bone
formation in in vi(ro and in viw models, causing a net dccrcasc in bone tumovcr.@-T4
Ttsc inhibitory effect of constitutivcly produced IFN-y on TGF-~ activities may
represent a contributing factor to agc-iissociatcd osteoporosis.

During our invcstiga[ions into the cfYcctsof lFN-y in aging wc also observed that
the inducihlc expression of the intcgrin srM290/(37,an ndhcsiors molcctslc involved in
the activities of T Iymphucytcs residing within the intracpithclial spaces of the gut, is
dccrcascd in aged animals. others have cstnblishcd that [hc cxprcssimt ofaM29f) by
activalcd T CCIISrequires the costirnulatory activity OfTGF-~.7~.7hThus, a constitu-
tivc prcscncc of lFN-y in aged animals appcisrs tts intcrfcrc with the ability of T CCIIS
from ~hcsc animals to respond normally to [hc rcgulatmy activities of TGF-ft,
thcrchy dccrcilsing wM290expression. This hvpmhcsis was experimentally eonfirmcd
hy trcnting aged wsinuds in l’ilv>with ilnti-~FN-y antibody wttl dcmtmstra!ing the
rc;wquisition nf normal cclluklr rcspnnsivcrtcss to TGF-13. As a sidcligh[ to the
ccn[ral focus of (I1ccxpcrimcnt. T Iymphoqtcs taken frnm aged animals treated with
the anti-lFN-y antibody dcmonstmtcd near normill cupncity to produce IL-2 and
IL-4 in response [o stimukltion. The ovcrcxprcssimt nf IL- If)in old age. however, was
not altered in animals tr~itl~d with wtti-l FN-y.

i

I
I

i

As IL6, ILIO, and lFN-y eats each exert profound modulatory activities on a
wide range of target CCIItypes, it is easy to envision how their dysregulated
production in vivo may contribute to the aging proem. Depressions in the ability of
the immune system to recognize and respond to foreign antigens and a concomitant
increase m the abnormal production of autoreactive antibodies arc but two of many
pathophyslologic chtsngcs that are prcdictcd to occur with an abnormal cxprcssiott of
these cytokittes. Agc-associated conditions that may corrclatc with a dysrcgtdated
control over the expression of at Icast one of these ~tokines include immunosencs-
cence,l~t.v breast canccr,m B-cell Iymphomas,JJ’wosteoporosis.3J”*’ml ancmia,~
autoimmunity,~~ and depressions in wound hciding rates (FIG. 2).al Therapeutic
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FI(NJRK2. Dysrcgulntionin the cytokinc nwwork as cvidcnccd hy comtitutivc expressionof
ccrtnm cytokincsmay hc rcsponsiMcfor severalagc.nssocinlct!diseases.

!
intcwcntions designed tu reestablish normal con[rrsl over the inducible production of
those cytokincs which become dysrcgulatcd with agc should significantly enhance the
fidelity of many physiologic proccs!!cs, cspccitdly [hose thnt arc compromised by the
ofrcnding cytokinc spccics.

SUPPLEMENTAL TIIERAPY WiTii DHEAS CORRECTS DYSREGULATED
CYTOKINE GENE EXPRESSION ASSOCIATED WiTli OLD AGE,.

A prngrcx!sivcticc!lincin the amounl of DHEA and DHEAS produced each day
takes pliscc its an individtml ages i>cytmdyoung athtlthcxxi.’s i3ascd on the findings
that these two stcroitfs, or their downstream mctabolitcs, arc involved in ihc complex
mechanisms that regulate the activities of immune CCIIS,the wclldcscribed agc-
asstsdatcd dcprcs..ions in immunoctsmpctcncc could be directly Iinkcd to an individu-
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al’s plasma Icvclsof DHEA and DHEAS. Wc previously reported that aged animals
provided wi[h oral supplementation of DHEAS (2-4 mg/kg/day) rcaquircd a
reasonably normal state of immunoct}mpc[cncc within days of treatment initiation.lz
Normal patterns of inducible cytokincs were rcswrctl in treated animal$ and
corrective changes in the cyttskinc phenotype cxtcndcd to CCIISresiding in all
secondary lymphoid organs tested. An cxomplc, in which IL-2 production was
evaluated. is illustrated in FIGURE 3.}2 More impnrtiint{y, DHEAS-supplcmcntcd
aged animals rcgirinccl the ability to elicit strong humural and cellular immune
rcspxsscs.iz Other invcstigi]tors have now confrrmcr.1this work trnd have cxtcndcd
our findings m demonstrate the gcncmtiorr of antibody rcsponsrx to bacterial

m ,nd dislillct ~r{)tcill ~lntigcns in DHEAS-$ttpplcmcnted ~ni-pnlysacchrtridcs ~ ;
m:ds.g~ DHEAS supplcmcnla[ion appcrsrs to crrhiirrce immune responses, cspccirdly
antibody production, via its capacity to prornotc the nomml dcvcloprncnt of germinal
centers in sccorrdary Iymphoid org~ns following vacciniition.q

2CC0~ -
,,.,.,.
,,.,.,.

~ ,,.,.,.
,,.,.,.

5 ‘sm-
.,.,.,.
,,.,.,.

& ,,.,.,.

m •~*,,

~ g#jwd
n.G ❑ a@d+Dl{EAS
s
.s

spleen me.urrteric
lymph node

FICURE 3. .%pplcment;tl t’)} i[lAS Ircittmcrr!{lf agedmicr uprcgulntcs Ihc ciIprIciIy 10 fwoduce
lL.2. !iplemmtcs ;Irrd mescntcric Ivmph node cells were cullcctcrl from mitture adult (6-12-wcck.
old). aged (7~96-wcek-Old), ond-iig~d(76-.Wr-wcck-cdd) animalsprovidedwith supplemental
D}IEAS trcatmcn! (minimum of 3 weeks’ !rci\tmcnt :11.S mg/kg/driy). Lymphoist cells were
activated wilh anti-Ct).lt. Culwrc srrpcrnaumls were quantitatively analyxcd for the presence
of lL.2 by capture ELISA.

Shortly after aged irnimids arc plilccd on DHEAS supplcmcntrrtion or within 24
hours of systemic idminislmtion of DHEA or DHEAS at a dose of 4 mg/kg,
significant changes result in restoration of nc:m.nnrmill control over the production
of cymkincs IL-6, IL-10, and lFN-y (FIG. 4). Animals given chronic DHEAS
supplcmcnla[irrrr retain nurnxrl control over cytokinc cxprcs..ion and a normal
phenotype of immunocornpctcncc fnr ils long us steroid trciitmcnt persists. Unfortu-
nately. wc hnvc not yet dctcrmincd if or how quickly :Igcd animnfs taken off DHEAS
supplementation rnighl revert to Ihc inmwr-toscncsccnt phenotype. There is Iittlc
hstrt, hmvcvcr. IIMII f3}{lZAS supplcmcn!ation of ii~cd rodents results in nearly
complc!c rcstoriltion of [hc rcgulirtory proccwcs involvctf in normrd control over [hc
synthesis and sccrclirsn of mwty cytokincs,

Further support for the ilrgumcnt thitt D! IEAS supplcmcrttation is beneficial in
aged animals comes from the finding thiit s[croid-trciltcll imimuls exhibited bcncfi-
ciislchanges in ptitholngics thiit could bc mtrihutctl [o the dysrcgulatcd cxprcs..irsnof
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FIGURE 4. Supplcmermrl DI tEAS Irealmcnl of aged mice rmrswcs normal control river
unregulated production of IL-6. IL.10,turd lFN.y. Splcnocytes.mmemeric lymph node cells.
●nd pcrhorrerslexudate CCIISwere rxrlfcctedfrom mature adult (6-12-week-dd). aged (76-9&
week-old), and aged (W46-weck+fd) animals prw”ded chronic Ill [EAS treatment (minimum
of 3 weeks”!rcalment m 4 mg/kg/rJiry). Supcrnrrtrrrrtsfrnm unstimulatett cell cultures were
quantitatively trnatyxcdfor 11...b,11.-IO,m lFN.y hycuplurc ELISA.
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IL-6, lFN-y, or IL-IOin vivo. 13-11Agc-msociatcd incrcascs in the scrtsm titers-of IgM
and IgG tissue-rcaclivc imtoantibrsdics were Iowcrcd in supplcmcntcd aged animals,
as were clcvatcd Icvcls of antiphosphntitly lcholinc aniibodics. [~’l Consistent with
tbcsc findings was the obsctwtion [hat ;tgc-associntcd incrcascs in B1 cells in the
peritoneal cavity, the CCI1type pcrccivcc! to bc responsible for autoantibody produc-
tion, were rcduccd to near mature adult Icvcls in animids following DHfMS
trcatmcn[.12J1 In addition, Iymphoid CCIISfrom DHEAS-treated animals regained
near normal rcsponsivcncss to the modulatory influences of TGF-@, and the activa-
tion inducible expression of the crM290/~7 intcgrin was also restored (Mu et al.,
unpublished obscrva~ions). These findings may help explain our rcccnl observation
that mucosal immune responses in aged animals can bc induced following treatment
with DHEAS. but nm in untreated aged iinimals.~$Collectively, the Iindings made in
DHEAS-supplcmcntcd isnimals strongly suggest a Iinkisgc bctwccn agc-associated
dcprcssirsns in Ihc ~i[pacity to dcvclup immune responses to foreign antigens, the
d.ysrcgutatcd cxprcssiun of certain cytokinc species, (I1cprcscncc uf irutoamibodics,
and agc-associa!cd dcprcssiorr in circulating DHEA and DHEAS Icvcls.

DHEAS AS A NATURAL REGULATOR OF PEROXISOME ACIWITY:
A POSSIBLE MECHANISM TO EXPLAIN THE lMMUNOMODULATORY

EFFECTS OF THIS STEROID IN VIVO

Pcroxisamcs arc single-membrane, cytoplasmic organcllcs containing no DNA.
These organcllcs arc involved in numcmus essential intracellular biochemical pro-
ccsscs including antioxidant iictivitics. cholesterol w-d bile ticid synthesis, prostaglan-
din mctaholism, ~-oxidii:ivc metabolism of very Inng chain fatty acids, and the
carnitinykrtion of ~~tty acids to enable their transport into the mitochondria for
further breakdown.~

It was rcccntly dcmuris[ratcd that the chronic administration of DHEA to
mdcnts in their feed caused significant changes in Iivcr morphology and histopathol-
ogy. These changes were caused by a massive incrcasc in pcroxisomc number and
volume as WC]I m on uprcguliltif)rt of pcmxisomid enzyme activity in this organ.”7-w
Rao cl u/.~7reported a 200%, incrc:lsc in iaI Iivcr wcighl itd a fivefold incrcasc in the
total volume of Iivcr pcmxisomcs in hcpawcytcs following dietary ttdministration uf
f)HEA (().4% w/w) for 2 weeks. Proloqyxf DHEA trcmmcnt protocols were
rcsporssihlc for significant cnh:mccnwm of :hc pcroxisomal enzyme activities iss..oci-
iltc(f wi[b fntty ilCkl p-oxidation, inclu[iing acyl-CoA oxidirsc, (the rate-limiting
cnzymalic componcn[ of pcroxisornul fat!y acid mctatwrlism) and cnoyl-CrrA hydrn-
tasc/3-hydroxyacy l-CuA clchydrogcnasc.A7-W1Dietary DHEA administration to ro-
dents also causes an incrca.sc in some ncrn-pcroxisomal hcpatic enzymes including
cytochromc P450A and glutatlliO1lc.S-transfcr:lscc~l.Ul

A wiclc range of structurillly dissimilar exogenous compounds wtd a small
numhcr of naturnlly occurring cndogcnous compounds can uprcgulatc cclluhrr
pcmxisomc numhcr, volume, and cnzynw ilCtiVity.’” Control uf CClhSlilrpcroxisomal
activi~y is now appreciated to hc mediated try the activation of specific cytosolic
rcccptors and their suhscqucnt binding to oppmpriistc htwrt-toneresponse clcmtmts
un DNA. This unique subclms of intraccilulitr rcccptors has been termed pcroxi-
somc prolifcrator.activated rccc.pttws (PPARs). PPARs rtrc members of the steroid
hormone firmilyof rcccptors nnd arc convcrtctl to active [rarwcripiion factor subunits
following activatinrr by a diverse range uf nittural and xcnobiotic compounds,
collectively tcrmul “pcroxisomc prolifcrators. “VJ.WScvcrrrl different isoforms of
PPARs have now been cloned ;md scqucnccci from frogs, humans, und rodcn~s.~s ,

.
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Each species of PPAR is differentially expressed in discrete tissues, and each species
of PPAR is prcfercmially activated by a distihct set of “ligand” molecules.w”w

The basic structural rcquircmcnt for pcroxisomc proliferators to activate PPARs
was demonstrated to include an anionic group attached to a hydrophobw backbone,
such as is found in DHEAS.WSWYamada et Uf.wrecently demonstrated that rat liver

1 hepatcqtes contain a high affinity (& 72 nM) DHEM binding cytosolic protein.w

\

These investigators evaluated many known peroxisome prolifcmtom for their capac-
ity to inhibit DHEAS binding to the cytosolic protein complex. Only WY-14,643 was
able to effectively compctc for DHEAS binding. Cultured hcpatocytes exhibit
markedfy incrcascd pcroxisomal fl-oxidation activity following direct in vifm expo-
sure to DHEAS and to a much Icsscr extent when treated wi[b DHEA.W The low
Icvcl of DHEA-mediated cnhanccmcnt in @oxidation activity appears to be duc to
pas..ivc diffusion of the hydrophobic steroid DHEA through the hcpatqc plasma )
membrane, followed by cndogcnous sulfation of DHEA in the hcpatocytc.lwinz
Intracclhtlar DHEAS, the biologically active molcculc, can then act.hate the appro-
priate PPAR.~w Additionally, a number of natural and related metabolitcs of
DHEA including 17-hydroxy- 7-hydroxy, and 7-kcto derivatives of this steroid fnay
also function as pcrmisnmc modulators following their sulfation at the 3j3-position.

Feeding normal ndtrlt animals pharmacologic doses of DHEA causes dramatic
changes in the liver and probably generates Iargc amounts of intracclhtlar hcpatocyte
DHESS Wc bclicvc that the dramatic rise in hepatocytc pcmxisomc content and
Iivcr pathology seen in DHEA-fctJ animals may reflect abnormal overexprcssion of a
normal tis..tre rcgtrlatmy process.

Normally, most DHEA in the circulation exists in the strlfatcd form which is not
capable of directly diffusing across the CCIImembranes of most cell types. The
transport mechanisms used to move DHEAS into the cytoplasm of cells may
represent a tightly regulated process. Appropriate biochemical mechanisms exist
that allow tis..uc-localizcd dcsulfation of cxtraccllular DHEAS in particular microen-
vironmcnts followctf by diffusion of DHEA across Ihc plasma membrane and its
intracellular rcsulfation in those CCI1types possc~sing the appropriate sulfotransfer-
asc activity.lat A low density lipoprotein (LDL) rcccptor-rncdiatcd uptake of DHE&
fatty acid ester-LDL complcxcs or even direct active transport mechanisms for
DHEAS directly acrmx plasma mcmbmncs of some CCIItypes have also been
rc~~cd.llll.lln 1

Evidcncc supporting the concept that DHEAS mrrybc playing a physiologic role
in regulating peroxisomal activity hn.. dcmrmstratcd that the Iivcr of aged rats has
rcduccd numhcra of pcmxisnmcs and rcthsccd pcmxisomnl fkxidation acdvity.ins
Plasma membrane rigidity is also apprcciatctf to incrcasc in most CCIItypes with
advancing age, a condition directly Iinkcd to incrcascd fatty acid chain length and
dcgrcc of fatty acid saturation,)m.in’ In addition, Lsganicrc nnd Fcmandcslm rc-
ccntly demonstrated that membrane phospholipicl content of long chain fatty acids
increases with agc in viwious Iymphoid organs of Ftshcr rats. ,Similar types of
rigc-assnciirtcd incrcmcs in cclhrlar phospholipid long chain fatty acid composition
have hccn observed hy o!hcr invcstigatora as WCII.l(N.ll”The WCIIdcscribcd age-
associatcd dccreasc in circulating DHEAS concentrations and the concomitant
dccrcasc in pcroxisomal enzyme activitics may bc partially responsible for the
incrcasc in plasma mcmbrmw content of long chain fatty acids.

Altcratitms in CCIImcmlwanc composition with advancing age, including in-
crcascs in long chain fatty acids and the rcsultanl dccrcasc in membrane ffuidity. may
significantly contribute to. the decline in a host’s immune function observed in old
age. Many Iymphoid CCIIactivities cnn be directly altered by changing CCIImembrane
phospholipid composition. This can hc nccomplishcd cxpcrimcntally by employing
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nutritional supplcmentrifion rcplctc with specific fatty acids. For example, depres-
sion in lymphocyte proliferative rcspunscs was dcmonstrtttcd following the dietary
supplementation of animals wi!h Iinolcic acid ( 18:2).111.112This may be duc to an
accumulation in mcmbrmtc ttrachidmtic acid (2(k4) which is known to occur follow-
ing elevations in phospholipid content of Iinolcic acid and its mctabolitcs.~13As a
result of the cnzyma[ic i~ction of phosphotipzsc AZupon membrane phospholipicts,
arachidonic acid is freely Iibcristcd from the mcmhranc and is readily converted into
bioactive lipids including the prostisglnrrdins and lcukotricncs.li4 Prostaglandins arc
WCIIknown modulators nf lymphocyte prolifcrmivc responses and tymphokinc
production, whereas Icukotricncs arc mcdi;]tors nf WCinflammatory response.11$

Modifications of cellular phnsphnlipid fatty il~id composition can also result in’
nl{cra lions in the physic:ll properties of cell nwnilwmws, including mcmfmsnc fluidity
and copacity of phosphnlipid and sphinyumyclin mctisbnli(cs to serve as scconsf
mcsscngcrs. The dccrcasc in CCIImcmhranc Iluidity with agcl(h,lmand the incrcasc in
cholesterol/phrrsphnlipid rwirss can alrcct the iictivity uf mtsltiplc rcccptor systems.
mcmbrmsc-assnciatcd enzymes, and signal transduction proccsscs.l~llh Lympho-
cytes incubated in [hc prcscncc of fully satumtccl fuuy acids acquire rcduccd
mcmhranc fluidity which is corrcliltcct with a depression in proliferation, rcduccsf
IL-2 production. itnd dccrwwcd IL-2 rcccptor cxprcssimt following rtctivation by u
milogcn;nl,i/ro.117.IIRInhibitionof lymphocyte activities by fatty acids, however, d~s
not require the gcncriition of prostaglitmtins or Icukotricncs, bccstusc the cflcct is
indcpcndcnt of cicostirmid synthesis.119The conscqucnccs of dccrcascd mcmbrsmc
fluidity caused hy cxogcnmss Inng chain fa[ly acid supplementation results in u
phcno[ypc similar to [bitt uhscrvcd in Iymphocylcs from aged mice.

Lipid sccnnd mcs..cngcrs isrc signnling mnlcculcs gcncratctf directly from the
cnmpnncnts nf the CCIIphosphnlipid biliiycr via the :Mk)rts of cclhtlar enzymes, such
as the phospholipisscs, and indudc diacylglyccrnl itrtlt inositol 1,4,5,-trisphosphatc
which activate cclhslar enzymes ncccsv~ry for certain proteins (i.e., cytokincs) 10bc
produced. It has been dcmonstra[cd that T Iymphucytcs obtained from aged rodents
possess a rcduccd capacity m produce tind rcspmtd to IL-2 following mitogcnic
activation hecausc of a defect in the gcncristion of specific second mcsscngcrs.la) It is
unclear if this is a result nf changes in [hc itctual componcrsts ncccssary for the
crcotion of transmcmbrarw signals or of a rcduccd capacity of the enzymes to
intcrac! wiih the npproprimc constilucnls of the plasnm rncmhrnnc. The corrcctirm
of the agc-msoci:ltcd ciclicicncics in immune function hy DHEAS trc:itmcnt may bc
mediated by rcstomtion of nom}ill pcroxkm]i!l activities in the trci]tcd recipients.
This normalization would lead 10 changes in fatly ticid cmttcnt of membrane
phospholipids isml mcmhrwrc fluidity, resulting in the restoration of optimal signal
[ransduct ion proccsscs.

The elimination of ithnnrmally cxprcsscd cylokincs in iigcd animals following
their supplcmcnl:ili(m wilh D}IEAS nuty Iw linked to the :lbility of this stcrokf to ;ICI
iss a modulator nf pcroxisomal octivity, :Ilhcit indirectly. It is WCIIdocurncntcd that
intcstimsl barrier function cfcclincs with adv;tncing ;tgc,121a change that Icads to
incrcascs in fhc nbility of cndotnxin to ilcccss the systemic circulation. Intcstirml
pcrmctitsility incrctiscs hitvc even hccn rcportcxl IOnlluw the trssnslncation of cntcric
hnctcria. m cvidcnccd by infcctirm nf the mcscntcric lymph nodes.lU It is our
hypothesis that lnw grade. cuntinual exposure of lymphocytes rtnd macrophitgcs to
cndrrtnxin serves il~ il stimulus for the c(mslitu[ivc cytukinc cxprcssiun observed in
the agccl.Abnrmntilly prmluccsl 11.-6and IL-10may result from direct ctposurc of B
CCHSand m:~crophagcs 10 lip(~p}l~:lcch:\ridc,12Jwhile Ihc prcscncc Of IFN-y may
rcprcscnt ii sccnndq conscqucncc nf IL-12 actions. [~’

The central issue. tbcrcforc. m:ly acImIlly revolve around those factors thi]t ~

facilitate the incrcascd intestinal pernw~bility nf gut ctmtcnts. It was rcccntly
demonstrated that platelets from aged humans and animals possess incrcasetf
susceptibility to aggregation following their exposure to normal platelet agonists.t~
These effects may bc duc to changes in platclc! .mcmbrane composition, for it is
known that rcduccd platelet rncmbranc fluidity is associated with greater exposure of
membrane receptors [o the cxtracclhslar environment which may bc rcspxtsiblc for
the incrcascd susceptibility to activation and aggregation.12h Platelet hypcractivhy
can promote the development of microthrombi followed by occtusion of bkscsdflow
within the microcapillarics of the skin, lung, and gut, resulting in !hc likelihood s-if
ischcmia rcpcrfusiwwrtcdiatcd injury. Breakdown of the i’ntcstimd mucosa would
fnlluw, Icrscfingto cndotoxin cnh-y into the ttflcrcnt lymphatic drahwsgc and systemic

circulation. Our Mmrntury dcmonstrmcct [bitt thc dysrcgulis[ion of IL-6. 1L-10, id
IFN-y production trssocinlcd with aging is most pronossnccd in mc.scntcric lymph )
rmdcs and aplccn (Fro. 4)1-~11(Mu C(al., unpublished obserwtimts) consistent With
the intestine being the smrrcc of inititsl CCIIstimulation. DHEAS. via its capacity to
cnhancc pcroxisomc activity in agctl tixsucs, wotstd Icad tn nrwrrtdization of fatty acid
metabolism and an incrcasc in antioxidant potcntiat. Modifications to platctct
membrane composition mstyeliminate platelet hyperactivity and sccondarify rcducc
the agc-associated cnhwsccmcnt of gut permeability. Alternatively, incrcascd gut
permeability may be duc trt a deficiency in pcroxisomal acdvitics in gut epithclial
CCIIS,activities required for the maintenance of a structurally intact cpithclial
harrier.

Support for our model rrf DHFAS being rtblc to rcvctxc immunoscncsccncc via
its influences on pcrnxisnmnl activities comes from thc rcsuhs of a rcccntly corn.
plcted cxpcrimcnt which cfcmtmstratcct that the mfminislration of low doses of
WY-14,643 to aged mtimisls partially corrcctcd the tttmorm;ditics in inducible and
constitutivc cytokine expression (FIG. 5). The doses of WY-14,643 provided to the
aged rmimals was ICSSthiin SUAof the doses cmplnycd in studics designed to cvahsate
the ability of !his drug to itwhsccpcroxisomc proliferation.lz~ .-

It was rcccntly reported that changes in Iyrnphocytc membrane fatty acid
composition caused by chrnnicatly feeding animals a corn oil-rich diet were associ-
ated with dccrcaxcd .sctwitivity10Fas-rncdialcd iip(>p!osk thrrsugh a reduction of Fm
gene cxprcsskm.t2mThis finding may isccuun! for the incrcascd numhcrs and activities )
of UI lymphocytes found in most chfcrly M WIN ns in individuals with certtiin
autoimrnunc conditions. These autorcnctivc B CCIIShssvcbeen directly implicated in
the production of Self-reactive smtibudics and appear to bc significant contributors to
[hc pathophysiology of aging and autoimmunc disease-assncia[cd clinical conditions.
In uur hands. DHEAS administration to old mice rcduccd 131CCIInumbcrs~l greatly
dcprcssctf liters of mstorcnctivc imtitmdics, nnd fully corrcclcd most of the immune
r-lcficicncicsssssociatcd with immlln(~cncscc~e.1~.1~.1~

Collcctivcly, the published studies describing DHEAS intlucnccs on cclt pcroxi-
somc activity and fittty acid mctaholism provide the data for formulating aft attractive
hypothtxis for the most afrercnt biochemical site hy which DHEA funet ions to
maintain ntmnrd”immunc homccxstasis.Wc bclicvc that DHEAS is facilitating these
beneficial intlucnccs nn the immune systcm through its capacity to control normal
pcroxisomc activities which, in turn, regulate the fistty iscid composition of mcm-
hranc phospholipids mttf sphingomyclins in lymphocyte and macrophagc mem-
branes. The cfTcctsof DHEAS on pcroxisornc functi[m in itging might represent the
chssivc Iinchpin needed to provide invcstigntors with il cohcsivc explanation for the
diverse hitshs,gicactivities of this stcruid.
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wcck+ld), and agwl ( 104.week-old) wrimrds prnviki with IXEAS (l-week) CMWY-14,643
(l-week) treatmen!. IJnthcompnumlswere supplicclirtdosesbetween 4 and t!mg/kg/day. CCIIS
were stimulamdwith wsti-CD3c (FIG. 5A) ror 24 hoursor left unstimulated (FIo. 5B). Culture
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Xe-Chem
DHEA (dehydroepiandrosterone)

ingredient status

Thomsen J. Hansen

Nutrinfo

4/10/96

This report discusses whether DHEA (dehydroepiandrosterone) is an acceptable

dietary ingredient under the definition introduced by the Dietary Supplement Health and

Education Act of 1994 (DSHEA).

DHEA is a steroid hormone similar in structure to cholesterol. Slight variations in

steroid structure can have profound effects on biological activity. Despite intensive

research, the relationships among the steroids regarding biosynthesis and effects are fu

from well established. There is no question that DHEA, like other animal steroids, is

metabolically derived from cholesterol.

DHEA has been the subject of a variety of studies, including for weight loss,

immune system disorders (including AIDS and lupus), and burn repair. When it fust

became popular in the 1980’s, it was promoted almost as a miracle drug that would

prevent weight gain, diabetes, and cancer. Currently, it is mainly being investigated for

treatment of AIDS.

DHEA AS A DIETARY INGREDIENT

Please see the enclosed definitions section of DSHEA for referenced parts.

Since DHEA occurrs naturally in animals, it possibly occurs naturally in foods. If

so, then DHEA could be a dietary ingredient under subpart (E) of the definition.

However, I have read that DHEA is produced only in primates, and is present only in the

N~finfO CO~Oration ● 40 SP@J street, P.O. Box 1097, Watertown, MA 02272-1097 ● 617-923-2377 ● Fax 617-926-6360 ● 800-676-6686



brain. If so, then it certainly is not a submce present in the diet. However, it is not

necessiuy to make this argument in order to establish DHEA as a dietary ingredient.

Cholesterol is definitely present in the diet, and so would quali@ as a dietary ingredient

under subpart (E), should anyonechooseto promote cholesterol as a dietary suppemenrt.

DHEA, as a metabolize of cholesterol, q~ifies under subpart (F). We therefore conclude

that DHEA meets part (1) of the definition of a dietary ingredient.

Part (2) of the definition of a dietary ingredient deals only with the form of the

product. As long as the product is represented as a supplement, not as a conventional

food, then it meets part (2) of the definition. This is the case regardless of the

composition of the product.

Part (3) of the definition excludes a substance from being a dietary ingredient if it

was first used as a drug. DHEA is not an approved drug for any use. It is being

investigated as anew drug, but I wotdd not consider the current clinical investigations to

be “substantial”. DHEA test kits have been approved as diagnostic products, which are

also regulated by FDA, but diagnostic products are not included in the DSHEA exclusion.

In any event, DHEA was promoted as a dietary supplement before 1985 (see below), so

its use as an investigational new drug occumed after its use as a supplement. We

therefore conclude that DHEA meets part (3) of the definition of a dietary ingredient.

Having considered DHEA under all three parts of the DSHEA definition of a

dietary supplemen; and having concluded that DHEA meets all three parts, we firther

conclude that DHEA is acceptable as a dietary ingredient.

R~l,AT~D Iss~3

In 1985, the FDA instructed manufacturers of DHEA to stop selling it as a

dietary supplement. This was based on the 1985 definition of a drug, which included

any product intended to prevent or cure a disease, and any product intended to affect the

structure or function of the body. Drug products, then and now, must be shown to be

M*dnfO Corporation● 40Spring Street, P.O. Box 1097, Watertown, MA 02272-1097 ● 617-923-2377 ● Fax 617-926-6360”800-676-6686



safe and effective before marketing. In 1994, DSHEA created an exception from the

drug definition, namely that dietary supplements Cm now claim to d%ect the structure or

fimction of the body. Unlike drugs, dietary supplements maybe marketed without

premarket approval from FDA.

The 1985 FDA action is actually usefil because it establishes the fact that DHEA

was sold as a dietary supplement at that time. This establishes that DHEA was sold as a

supplement before it was used as a drug (see above for part (3)). In addition, it

establishes that DHEA is not a new dietary ingredient under the definition in DSHEA.

New dietary ingredients are subject to certain premarketing requirements not applicable

to ingredients sold before passage of DSHEA.

It is still important to consider both effectiveness and safety for dietary

supplements, even though premzuket approval is not needed. We have not investigated

possible claims for the manner by which DHEA affects body structure or function,

substantiation needed.to support the claims, or DHEA safety. We would be happy to

look into these matters if you decide to proceed with development of products

containing DHEA.

ATFD COMPOUNDS

There are two compounds related to DHEA which should be discussed, as they

are sometimes mentioned along with DHEA in scientific or popular publications.

The sulfate ester of DHEA (DHEA sulfate, or DHEA-S) is the form of DHEA

which is excreted in urine. It is possibly also the form by which DHEA is transported

through the body. The two forms are probably readily interconverted in the body, so they

probably have similar biological effects. Both forms are available commercially.

The Mexican wild yam (Dioscorea composita) contains diogenin

(hydroxyspirostene), a plant steroid similar in structure to progesterone. Diogenin was

formerly used extensively as the starting material for synthetic steroids used in female

oral contraceptives. Mexican wild yam preparations are sold as dietary supplements and

cosmetics with a variety of claims. Some of the claims relate Mexican wild yarn to

properties of DHEA. I am not aware of any specific effect of the yarn or of diogenin.
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from Dietary Supplement Health and Education Act of 1994
Section 3. Definitions

“The term dietary supplement -
(1) means a product (other than tobacco) intended to supplement the diet that bears or contains one or more

of the following dietary ingredients:
(A) a vitamin;
(B) a mineral;
(C) an herb or other botanical;
(D) an amino acid;
(E) a dietary substance for use by man to supplement the diet by increasing the total dietary intake;
or
(F) a concentrate, metabolize, constituen~ extract, or combination of any ingredient described in
clause (A), (B), (C), (D), or (E);

(2) means a product that-
(A)(i) is intended for ingestion in a form described in section 41 I(c)(l)(B)(i);or (ii) complies with
section 411 (c)( lo);
(B) is not represented for use as a conventional food or as a sole item of a meal or the die~ and
(C) is labeled as a dietary supplement; and

(3) does--
(A) include an article that is approved as a new drug under section 505, certified as an antibiotic
under section 507, or licensed as a biologic under section 351 of the Public Health Service Act (42
U.S.C. 262) and was, prior to such approval, cetiitication, or license, marketed as a dietary
supplement or as a food unless the Secretary has issued a regulation, after notice and cornmen~
finding that the article, when used as or in a dietary supplement under the conditions of use and
dosages set forth in the labeling for such dietary supplement, is unlawfid under section 402(f); and
(B) not include-

(i) an anticle that is approved as a new drug under section 505, certified as an antibiotic under
section 507, or licensed as a biologic under section 351 of the Public Health Service Act (42 U.S.C.
262), or

(ii) an article authorized for investigation as a new drug, antibiotic, or biological for which
substantial clinical investigations have been instituted and for which the existence of such
investigations has been made public,
which was not before such approva~ certification, licensing, or authorization marketed as a dietary

supplement or as a fbod unless the Secretizuy,in the Secretary’s discretion, has issued a regulation,
after notice and commentj finding that the article would be lawful under this Act.”
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Figure 23-10
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Another ‘mechanism by which cholesterol esters are
formed is by a transes[erification between phosphat~dyl
choline and choles~ercl:

Phosphatidyl choline + cholesterol =
Iysophosphatidyl choline + choles[crol ester

Formation of Other Steroids

Cholesterol is the precursor of a number of other types of
steroids such as fecal sterols. bile acids. and steroid
hormones. Cholesterol. coprostanol. and choIestanol
(margin) are the major excremq forms of sterols in n]am-
mak; cholestanol and copmstarml. which are isomors,
are formed from cholesterol by microbial action.

The maior pathway of degradation of choles!ero] in
arrimals is conversion [o [he bile acids. a process tha[
occurs in the liver. There arc many different bile acids
which vary characteristically li.i~h the species. They con-
tain a shortened side-chain wi(h a carboxyl group. which
is often conjugated with glycine or [aurine. These com-
pounds are secreted info [he sma~l intestine and are
largely reabsorbed during lipid absorption. The circula-
tion of the bile acids, which promote absorl]tion of the
lipids. is called ~he enterohepotic circulation. The major-.. . ——

(R designotrs the normal .ida-rhain

o/chA@ero/)
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Figure 23-11

Formation of bile acids.
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steps in the formation of choiic acid and its mnju:ation
products glycocholic and taurocholic acids are shown in
Figure 23-11.

The formatiou of steroid hormones from cholesterol
occurs through intermediaryformationofpregnenolone
(below],whictscontains the cholesterolnucleus,but has
only a two-carbonside-chain.Pre8nenoloneis the pre-
cursor of yogestemrse. the progestational hormone of

Formation of sores steroid hormones

Choiesteroi
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